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Chapter 1
General Introduction
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Bilateral sagittal split osteotomy (BSSO) is the most frequently performed orthog-
nathic surgical procedure to advance the distal segment of the mandible in order to 
correct mandibular hypoplasia. Skeletal relapse is, however, a major concern follow-
ing BSSO advancement surgery and can seriously compromise the postoperative 
outcome (Merkx and Van Damme, 1994; Scheerlinck et al., 1994; Hoppenreijs et 
al., 1998; Van Sickels et al., 2000; Borstlap et al., 2004; Joss and Vassalli, 2009).
The postoperative skeletal relapse can be classified as early skeletal relapse and 
late skeletal relapse according to the time of onset. Early skeletal relapse may occur 
up to six months following surgery. This relapse is mainly attributed to slippage at 
the osteotomy site and condylar sag (Arnett et al., 1996; 1996). The introduction 
of rigid fixation reduced the instability at the osteotomy site and secured the cor-
rect intraoperative seating of the condyles in the glenoid fossae. In this way, early 
skeletal relapse could be reduced significantly (Frey et al., 2007; Joss and Vassalli, 
2009). In contrast to early skeletal relapse, the occurrence of late skeletal relapse is 
more difficult to predict and can take place from six months onwards following the 
BSSO advancement surgery. Postoperative morphologic changes of the condyles 
are believed to play a prominent role in the late skeletal relapse (Arnett et al., 1996; 
1996; Hoppenreijs et al., 1999).
Morphologic changes of the condyles following BSSO advancement surgery are a 
common phenomenon. The reported incidence varies from 1% to 31% (Kerstens 
et al., 1990; Merkx and Van Damme, 1994; Hoppenreijs et al., 1999; Hwang et 
al., 2004). According to the magnitude and rate of progression, the postoperative 
morphologic changes of the condyles can be either physiological or pathological. 
Physiological condylar remodelling (CR) is defined as a self-limiting process that 
is not associated with changes of the joint function or skeletal stability (Arnett et 
al., 1996). In contrast to CR, progressive condylar resorption (PCR) is considered 
to be pathological and is associated with late skeletal relapse, often resulting in a 
sagittal and vertical anterior open bite, decreased posterior facial height and tem-
poromandibular disorders (TMD) (Arnett et al., 1996; Hoppenreijs et al., 1998). As 
the occurrence of PCR may induce skeletal relapse and compromise the aesthetic 
and functional outcomes of BSSO, it should be distinguished from CR (Merkx and 
Van Damme, 1994; Arnett et al., 1996; 1996).
In the late 1990s, my co-promotor Hoppenreijs conducted one of the largest 
multicenter longitudinal studies on PCR following orthognathic surgery in the 
Netherlands (figure 1.1). In this clinical study, which had involved more than 250 
patients for a mean follow-up period of 69 months, based on measurements using 
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lateral cephalograms and orthopantomograms (OPG), a clear correlation between 
PCR and skeletal relapse was found (Hoppenreijs et al., 1998; Hoppenreijs et al., 
1999). Female patients with severe anterior open bite, high mandibular plane angle 
and a low posterior-to-anterior facial height ratio were prone to PCR. Furthermore, 
Hoppenreijs et al. described five different types of condylar shape by the condylar 
height-to-width ratio and the location of the top (figure 1.2). Condyles with a pos-
terior inclination of the condylar neck (type B) and condyles showing osteoarthritis 
prior to surgery (type E) appeared to be prone to PCR (Hoppenreijs et al., 1998). 
Although the diagnosis of PCR could be based on certain radiographic features of 
condyles on OPGs, the transition of CR into PCR remained difficult to define (Hwang 
et al., 2004).
Figure 1.1 The thesis of Hoppenreijs entitled: Anterior open bite deformity.
Figure 1.2 Five different types of condylar shape by the condylar height-to-width ratio and the loca-
tion of the top described by Hoppenreijs.
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As in the aforementioned study by Hoppenreijs et al., the postoperative morpho-
logical changes of the condyles have been assessed in several previous studies 
(O’Ryan and Epker, 1984; Habets et al., 1987; Krajenbrink, 1994; Hoppenreijs et 
al., 1998; Hoppenreijs et al., 1999; Kobayashi et al., 2012). The orthopantomogram 
(OPG) was the most frequently used diagnostic tool for the examination of the con-
dyles due to its widespread availability, ease of use and relative low radiation dose. 
Based on the silhouette of condyles on OPGs, PCR was characterized by severe 
morphological changes in condylar configuration, with reduction of volume and a 
decrease in the height of ramus, so distinguishing PCR from CR (Hoppenreijs et al., 
1998; Hwang et al., 2004). It should be noted that this general consensus on the 
radiographic definition of PCR was based on a two-dimensional imaging system. 
Due to the intrinsic shortcomings of 2D radiographs, an OPG is in fact unable to 
provide the exact geometry of the condyles, is prone to magnification errors and 
does not allow condylar volume measurements to be properly performed. Taking 
these limitations into account, it should be questioned how accurate and valid PCR 
can be distinguished from CR, solely based on the limited qualitative radiographic 
features of an OPG.
In 1972, Cormack and Hounsfield introduced computed tomography (CT). In con-
trary to OPGs, CT is able to depict the osseous contour of a condyle in all three 
dimensions (axial, coronal and sagittal) . Due to its high spatial resolution that can 
provide an accurate geometry of the condyles, the multislice CT was recommended 
as the imaging modality of choice for comprehensive radiologic analysis of osse-
ous changes of the condyles (Ahmad et al., 2009). The high radiation dose and 
relative high costs, however, have impeded the widespread application of MSCT in 
longitudinal studies and regular clinical follow-up of orthognathic patients.
The rapid development of 3D imaging techniques since the start of the new mil-
lennium has created new opportunities for clinicians and researchers to assess 
morphological changes of the facial skeleton in three dimensions. The emergence 
of cone-beam computed tomography (CBCT) in the past decade has particularly 
overcome many shortcomings of 2D imaging techniques (Honey et al., 2007; De 
Vos et al., 2009). CBCT offers a realsize dataset based on a single low-radiation-
dose scan, with the potential of scanning the patient in an upright sitting position 
(Halazonetis, 2005). From this dataset, 3D reconstructions and multiplanar cross-
sections of the maxillofacial bony structures can be computed. This new imaging 
modality could become a useful tool to perform accurate 3D quantitative analysis 
of postoperative morphological changes of the condyles, including the volumetric 
analysis of condyles, a hiatus in the field up until now.
Page | 13
Chapter 1 | General Introduction
1
In order to enhance the accuracy of 3D imaging and its implementation in the daily 
practice of orthodontics and maxillofacial surgery, a 3D Lab has been setup in the 
Radboud University Nijmegen Medical Centre in 2005. The installation of a CBCT, 
3D stereophotogrammetry and digital dental models allowed the acquisition of im-
age data of the facial skeleton, facial skin surface and dentition. By the fusion of 
image data from the three imaging modalities, an augmented 3D virtual head model 
containing the trias of facial skeleton, soft tissue and dentition could be created 
(Plooij et al., 2011). The 3D augmented virtual head model is used for the planning 
of orthognathic surgery as well as for the postoperative follow-up of orthognathic 
patients. Having such an innovative and powerful tool at our disposal, the present 
research theme was set up to shed new light on the questions that were left unan-
swered by previous studies concerning the role of CR and PCR in skeletal relapse 
and to explore the clinical value of 3D augmented virtual head model in the planning 
of orthognathic surgery.
Study objectives
The main objectives of this thesis are to evaluate the effects of BSSO advancement 
surgery on the postoperative volume changes of condyles on the one hand, and 
to assess the influences of the subsequent condylar volume changes on skeletal 
relapse on the other hand, using 3D techniques.
The current research project can be divided into three parts. The first part focuses 
on the development and clinical validation of a 3D imaging protocol for the analysis 
of condylar volume. The second part is aimed to elucidate the clinical impact of 
postoperative condylar volume changes on skeletal stability following BSSO ad-
vancement surgery. The last part is proposed to assess the accuracy of 3D soft 
tissue simulation following orthognathic surgery using 3D augmented virtual head 
models. Consequently, the following questions had to be answered.
1. Is CBCT an accurate imaging technique to objectify osseous changes of the 
condyles?
2. How does the volume of condyles change following BSSO advancement surgery?
3. Do postoperative volume changes of condyles influence skeletal stability?
4. Is it possible to predict the postoperative condylar volume changes and skeletal 
relapse prior to BSSO advancement surgery?
5. Can computerized 3D soft tissue simulation provide an accurate prediction of 
the postoperative facial profile following bimaxillary surgery?
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Thesis outline
Chapter 2 will provide an overview with regard to the definition, diagnosis and 
conventional imaging of CR and PCR following orthognathic surgery. The potential 
risk factors found in the previous studies will be summed up. Different imaging 
techniques of the condyles as well as the potentials and difficulties of 3D (CBCT) 
imaging will be addressed.
In order to perform quantitative analysis of condylar morphology, the condyles need 
to be segmented accurately from raw CBCT image data. The segmentation of the 
condyles is hampered by the low contrast resolution and distortion of greyscale 
values in CBCT scans. To overcome these shortcomings of CBCT data, a largely 
manually based method to segment and render the condyles in 3D will be presented 
and validated clinically in chapter 3. The reproducibility of volume measurements of 
the condyles will be assessed.
For the clinical implementation of 3D imaging protocol of the condyles, a faster and 
more automated approach is required. 3D region growing and local thresholding 
algorithms that are being used in the field of information technology were modified 
and applied to the segmentation of condyles. In chapter 4, a novel semi-automatic 
segmentation protocol for 3D condylar reconstruction using CBCT data will be 
described.
With a clinically validated 3D imaging protocol of the condyles at our disposal, a 
clinical study was set up (protocol 181/2005) to evaluate the role of postoperative 
changes of the condylar volume on skeletal relapse following BSSO advancement 
surgery. Preoperative and postoperative CBCT data of patients were rendered in 
3D virtual skull models in the Maxilim® software (Medicim NV, Mechelen, Belgium) 
and 3D cephalometry was applied to quantify the skeletal changes. The effects of 
patient specific factors and surgical related factors on the postoperative changes of 
condylar volume and skeletal relapse will be investigated in chapter 5. An attempt 
will be made to distinguish CR from PCR using 3D CBCT data. In chapter 6, the in-
fluences of surgical induced rotation, flaring and torque of the proximal segments on 
the postoperative condylar volume changes and skeletal relapse will be reviewed.
In addition to the evaluation of postoperative outcome, the Maxilim® software also 
facilitates surgical simulations. Virtual osteotomies and surgical movements of 
mono- en bimaxillary surgeries can be simulated in Maxilim® with the accompanied 
3D simulation of the final facial soft tissue profile. The accuracy and predictability of 
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the postoperative soft tissue changes that accompany the planned skeletal move-
ments will be evaluated in chapter 7.
The related developments and clinical implications derived from the aforementioned 
studies and the future perspectives will be appraised in chapter 8.
2
Chapter 2
Evaluation of condylar resorption prior to 
and following orthognathic surgery
ABSTrACT
Malpositioned condyles during osteotomy can cause remodelling of the condyles, 
but can also initiate condylar resorption (CR). The radiological signs of CR are similar 
to juvenile osteoarthritis and osteoarthrosis. In the 1980s, conventional transcranial 
and infracranial radiographs were used to evaluate the position of the condyle in 
the fossa. An orthopantomogram (OPG) can be used to describe the contour or 
morphology of the condyles but it is not applicable for measurements. Magnetic 
resonance imaging is useful in evaluation of the disks, condyles and synovia. Both 
conventional multi-slice computed tomography and cone-beam computed tomog-
raphy (CBCT) can provide an excellent visualization of the condyles in 3 planes. 
With CBCT, the condylar position and condylar changes can be assessed as a 
colour-coded map or as mesh transparencies.
The pretreatment assessment of past or potential temporomandibular joint (TMJ) 
issues consists of a detailed history of previous TMJ symptoms, as well as a clinical 
and radiological examination. An OPG is helpful to make a risk profile based on the 
contour of a condyle and the stage of osteoarthritic degeneration. After orthogna-
thic surgery, the surgeon must be aware of TMJ dysfunction symptoms, occlusal 
relapse, reduction of form and volume of the condyle and loss of mandibular ramus 
height. In patients with a high risk for CR or when a suspicion of CR occurs, a 
CBCT is indicated. The incorporation of an automated postscan image enhance-
ment protocol and subsequent three-dimensional (3D) rendering of condyles into 
the 3D virtual head model of patients will provide a powerful tool for analysis of CR.
Theo Hoppenreijs, Thomas Maal, Tong Xi
Seminars in Orthodontics 2013; 19(2):106–115.
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Introduction
The general objectives in surgical orthodontic treatment of dentomaxillofacial defor-
mities are restoration of function and improvement of harmony and facial aesthetics 
with procedures that have a predictable long-term outcome. Stability of treatment 
after orthodontics and orthognathic surgery is a major concern for orthodontists 
and oral and maxillofacial surgeons. Since internal rigid fixation procedures have 
provided good stability at the osteotomy site, the temporomandibular joint (TMJ) 
has become the region of interest. Occlusion of upper and lower teeth is deter-
mined by the position of the condyles in the glenoid fossae, which is the key factor 
in mandibular stability. The final position of condyles, however, is difficult to control 
during orthognathic surgery. When the condyles are not positioned properly in the 
fossae during autorotation of the mandible in a Le Fort I intrusion osteotomy, natural 
seating of the condyles will occur after release of the intermaxillary fixation, and 
this results in an early relapse. Malpositioned condyles due to rotation, shift or 
torque movements of the proximal fragment in a bilateral sagittal split osteotomy will 
eventually be seated, but this takes several months. The condylar seating occurs as 
the result of focal bone resorption and/or bone apposition at the condyles.
When remodelling of the condyles stays within the physiologic capacity of the adap-
tive mechanism of the TMJ, occlusal instability is not to be expected (Wohlwender 
et al., 2011). In contrary, when mandibular condyles resorb quickly, with substantial 
loss of bone on the articulating surface, resulting in reduction of contour and vol-
ume of the condyles and the mandibular ramus height, that is called idiopathic or 
progressive condylar resorption (PCR) (Arnett et al., 1996). However, the transition 
of physiological condylar remodelling (CR) into PCR is difficult to define. Clinically, it 
is manifested as a progressive unexpected backward movement and/or clockwise 
rotation of the mandible, a decrease of vertical overbite, and an increase of sagittal 
overbite (Hoppenreijs et al., 1998). The diagnosis of condylar resorption is primarily 
based on radiological as well as clinical signs of relapse. It is difficult to define 
whether the resorptive process was induced or reactivated during treatment, or if it 
was already active before the treatment started.
Structural changes in condyles have been studied morphologically, histologically 
and radiologically. O’Ryan & Epker studied bone density and orientation of trabecu-
lae of condyles (O’Ryan and Epker, 1984). They reported finding less dense and not 
discretely oriented trabeculae in condyles in patients with a high mandibular plane 
angle compared with patients with a low mandibular plane angle. Patients with high 
mandibular plane angle also tend to have smaller condyles compared with patients 
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with a low mandibular plane angle (Hoppenreijs et al., 1999). Regarding the ratio of 
cortical and cancellous bone, condyles of teenagers and adolescents have a thin-
ner cortical surface layer compared with adults. This might be one of the reasons 
for the observations that teenagers under 14 years of age were more susceptible 
for condylar remodelling and resorption (Borstlap et al., 2004). Adolescents with 
juvenile idiopathic arthritis in the TMJ showed disappearance of the cortical layer, 
resorption and irregularity of condylar surface, as well as subcortical cyst formation. 
De Leeuw described radiographic degenerative bony alterations of the condyle as 
flattening, erosion and sclerosis in patients with a permanently displaced disk (de 
Leeuw et al., 1995). Focal bone resorption, osteophyte formation, flattening of the 
anterior aspect of the condyles and posterior deviation of the condylar neck are also 
phenomena seen in a TMJ suffering from osteoarthrotic degeneration (figure 2.1).
Figure 2.1 
(a)   Right condyle on the OPG of a 25-year-old female patient one year after orthodontic treatment 
without signs and symptoms of TMD. However, radiologically signs of juvenile osteoarthritis in 
childhood were present.
(b)  A 44-year-old female patient with radiological signs of osteoarthrosis of the right condyle (stage 2).
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Internal derangements with permanent disk luxation, osteoarthrosis and juvenile os-
teoarthritis are frequently accompanied by pain (Abramowicz et al., 2011). Although 
pain in the TMJ often manifests as a first symptom of CR following orthognathic 
surgery, it is not a predisposing factor. To diagnose CR, certain specific condylar 
changes should be visible on radiographs, and the dramatic occlusal changes 
should not be caused by other reasons such as dentoalveolar relapse, transverse 
relapse or instability at the osteotomy sites (figure 2.2).
Conventional radiography
Until the late 1980s, intraosseous wire fixation combined with intermaxillary fixation 
was common practice in orthognathic surgery. Conventional transcranial oblique 
radiographs were made, in habitual or maximal occlusion, to evaluate the position 
Figure 2.2 
(a)  Left condyle on the preoperative OPG of a 22-year-old female patient with maxillary hyperplasia, 
gummy smile and mandibular hypoplasia.
(b)  Immediately following a Le Fort I intrusion osteotomy and BSSO; OPG in maximal occlusion.
(c)  11-month-postoperative OPG showing bone loss at the superior site of the condyle. Reduction of 
ramus height <6 %, clinically no occlusl relapse; therefore, a diagnosis of condylar remodelling.
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of the condyle in the glenoid fossa after surgery. The position of the condyle was 
supposed to be more important than the condylar morphology. These transcranial 
radiographs depicted the contour of the lateral part of the contralateral condyle 
on the radiographs, while the medial part of the condyle was projected over the 
condylar neck. With infracranial radiographs taken in maximal mouth opening, the 
medial part of the condyles was depicted more clearly.
The orthopantomogram (OPG) has become the diagnostic tool for gross examina-
tion of dentition and surrounding bony structures, including the ramus and con-
dyles. The OPG is taken in closed mouth position or an end-to-end position of 
maxillary and mandibular incisors. The dorsal part of the condyles may be masked 
by the lateral margin of the glenoid fossa and the maxillary process of the zygomatic 
arch. The outline of the condyle on an OPG is an oblique section of the articulating 
surface. It is important to realize that what looks like the top of a condyle on an OPG 
is actually the projection of the medial pole of the condyle, whereas the belly of the 
condylar contour is the projection of the lateral pole of the articulating surface of the 
condyle (figure 2.3). The medial and lateral poles are sometimes not included in the 
Figure 2.3 Projection of the mandibular ramus and condyles on an OPG. The top of the projected 
condyle represents the medial part of the condylar head.
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projected slice. The magnification factor of the horizontal and vertical dimension of 
the ramus, condylar neck and condyle on an OPG varies relatively little. An OPG is 
not applicable for measurements of condyles or of condyle-fossa relationships, but 
it can be used to describe the condylar contour and to determine its morphologic 
changes over time. Using correct and standardized head positioning when taking 
an OPG improves the quality and reduces distortion of the images. The reliability 
of measurement of the ramus height along a line through the posterior point of the 
condyle and the mandibular angle has been described by Habets et al (Habets 
et al., 1987). The right and left ramus height can be compared and measured, 
but up to 6% of differences between the right and the left side may be caused by 
magnification due to technical errors.
Krajenbrink did a comparative study on the radiologic and anatomic classification in 
dry mandibles (Krajenbrink, 1994). An OPG revealed fewer changes in the articular 
surface than infracranial or transcranial radiographs. Although local bony resorptive 
lesions did not necessarily affect the complete outer contour of the condyle, it was 
evident that flattening or erosions of the articular surface of the joints were detected 
better on infracranial or transcranial radiographs than on an OPG. There is a sig-
nificant association between the anatomic contour of the condyle and its silhouette 
on an OPG. The conventional radiographic image is the result of the interplay of 
anatomical and geometrical variables, but multisection tomography revealed more 
lesions at the articular surface of the condyle than the infracranial or transcranial 
radiographs.
Magnetic resonance Imaging
Magnetic resonance imaging (MRI) is considered the reference standard for imaging 
of the TMJ to detect inflammation in the TMJ as well as derangement or pathology 
of the disk. In adolescent patients who have had a period of juvenile idiopathic 
arthritis, the MRI can show erosions, sclerosis, flattening and osteophytes at the 
condylar surface. It also can show marrow edema, joint effusion, synovial enhance-
ment, intra-articular space enlargement consistent with synovitis and inflammation 
(Abramowicz et al., 2011). Synovial inflammation, joint effusion and marrow edema 
are MRI features in inflammatory arthritis that can be seen before changes of the 
condylar surface are detectable radiographically. It has been shown that MRI has a 
predictive value in onset or reactivation of CR (Abramowicz et al., 2011).
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Multislice and Cone-beam Computed Tomography
The TMJ is a difficult region to depict due to the massive cranial bones that surround 
and overshadow the relatively small condyles. Due to its excellent spatial resolution 
and ability to visualize the osseous structures of TMJ in all three planes (axial, coronal 
and sagittal plane), multislice computed tomography (MSCT) was recommended as 
the imaging modality of choice for comprehensive radiologic analysis of osseous 
changes of the TMD (Ahmad et al., 2009) (figure 2.4). The significant effective dose 
of a single MSCT scan, however, has limited its use in the regular postoperative 
radiologic follow-up of condyles among orthognathic patients.
In the last decade, cone-beam computed tomography (CBCT) has become a 
well-established imaging technique within oral and maxillofacial surgery. It also has 
become an alternative to conventional two-dimensional (2D) imaging modalities, 
providing three-dimensional (3D) image data of hard and soft tissue structures. In 
contrast to MSCT, CBCT allows the craniomaxillofacial region of a patient to be 
scanned with the patient sitting in an upright position, with a considerably shorter 
scanning time and reduction of effective radiation dose (Ludlow and Ivanovic, 2008). 
The relatively low cost as well as the easy accessibility and handling of CBCT units 
have further contributed to their widespread implementation in clinical settings. Al-
though CBCT is a valuable diagnostic tool in planning of patients with asymmetries 
and long faces with a high-risk profile for CR, conventional radiographs will do in 
planning of straight forward cases.
The volumetric data acquisition of CBCT provides submillimeter spatial resolution 
image datasets that can be reformatted to enable secondary reconstruction of 
the image data. Besides the visualization of image data in conventional 2D display 
modes (axial, coronal and sagittal planes), 2D multiplanar cross-sectional slices of a 
specific anatomic region of interest, the TMJ, can be computed. Under ideal condi-
tions CBCT may provide accurate and reliable image data for radiologic evaluation of 
osseous changes of condyles (Honey et al., 2007). The intra-articular disk, however, 
is not clearly visualized on CBCT images. The ability to reconstruct cross-sectional 
planes parallel or perpendicular to a specified axis of interest, such as the long axis 
of a condyle, enables an in-depth radiologic qualitative and quantitative evaluation 
of condylar shape, dimensions and condyle-fossa relationship without overprojec-
tions of anatomic structures and image blur (Tsiklakis et al., 2004). The diagnostic 
accuracy of cross-sectional CBCT images (sensitivity of 0.80 and specificity of 1.0) 
in detection of morphologic changes of the condyles in patients with osteoarthritis in 
terms of cortical bone erosions and forming of osteophytes was found to be similar 
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Figure 2.4 Right condyle of a 16.4-year-old female patient with high mandibular plane angle, maxil-
lary hyperplasia and mandibular hypoplasia.
(a)  Preoperative OPG: high risk profile, osteoarthrosis index stage 3.
(b)  OPG taken 7 months after bimaxillary osteotomy and genioplasty. Unsharp contour of condyle 
with bone loss, relapse of sagittal overbite 2 mm. Suspicion for condylar resorption.
(c)  Axial slice of right condyle on MSCT.
(d)  Coronal slice of right condyle on MSCT.
(e)  3D reconstruction of MSCT: flattening of condyle, exophyt formation. Suspicion for progressive 
condylar resorption.
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to that of MSCT (sensitivity of 0.70 and specificity of 1.0) (Honda et al., 2006). The 
subjective image quality of CBCT images in axial, coronal and sagittal planes is 
comparable and, in few cases, even superior to MSCT images (Hussain et al., 2008).
In addition to secondary reconstruction of 2D images, a 3D virtual augmented head 
model of a patient can be rendered for preoperative assessment and virtual opera-
tion planning. This type of image is valuable for fabrication of customized surgical 
guides and interocclusal wafers, and also for postoperative follow-up of patients 
undergoing orthognathic surgery. By surface based (Terajima et al., 2009) or voxel 
based registration (Nada et al., 2011), CBCT scans taken at different intervals within 
the orthognathic treatment can be superimposed with accuracies of up to 0.5 mm, 
approximately the size of a single voxel (Cevidanes et al., 2011). As a consequence, 
spatial and dimensional alterations of condyles can be visualized and quantified 
in terms of condylar surface integrity, surface area and condylar volume changes. 
Also, the description of condylar displacement with 3D CBCT imaging techniques 
is no longer limited to the measurements of linear distances and angles between 
virtual cephalometric landmarks, but instead is depicted as a colour-coded map or 
as mesh transparencies (Motta et al., 2010). In comparison to studies based on 2D 
cephalograms and OPGs, errors related to landmark identification and superimposi-
tion can be eliminated. The generation of condylar surface distance maps and mesh 
transparencies allows accurate evaluation of condylar remodelling and progressive 
condylar resorption to support longitudinal clinical evaluations. The influences of 
CR on the postoperative stability following orthognathic surgery and the conse-
quent effects on occlusion and facial profile can be investigated and quantified in a 
more detailed and correct way. To facilitate the comparison of clinical data derived 
from 3D CBCT images with 2D data obtained from numerous studies in the past, 
conventional cephalometry and 2D analysis can be performed on cephalograms 
and OPGs regenerated from 3D image data of orofacial structures, with clinical 
acceptable accuracy and reproducibility (Cattaneo et al., 2008).
Assessment of the condylar condition prior to orthodontics and 
orthognathic surgery.
Prior to orthodontic treatment and orthognathic surgery, a detailed history of previ-
ous TMJ symptoms as well as a clinical examination and radiological examination 
of TMJ function are important. Anamnesis should include a history of facial trauma, 
any periods of TMJ dysfunction with pain, onset of any auto-immune/connective 
tissue disease (e.g. rheumatoid arthritis, psoriatic arthritis, lupus, scleroderma), use 
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of medication and descriptions of any signs and symptoms of osteoarthritis such 
as TMJ pain, clicking, locking and headaches. Clinical examination should include 
observations about growth and development of the face, symmetry, maxillary and 
mandibular midlines, TMJ sounds, clicking, crepitation, mouth opening, lateral 
excursions and occlusal relationships.
Juvenile idiopathic arthritis is the most commonly diagnosed rheumatologic condition 
in children that might result in impairment and functional limitations. The large major-
ity of such children, however, have no TMJ signs or symptoms. Although radiologic 
imaging plays an important role in the diagnosis and planning of surgical-orthodontic 
treatment, radiographs reveal only the condition of the present moment. It is not pos-
sible to identify ongoing active osteoarthritis versus a quiescent stage of the disease.
Although CBCT is superior for imaging condyles, OPG is generally available in daily 
practice and are useful in the first screening of the mandible including the ramus 
and condyles. The following aspects can be evaluated on an OPG: definition of the 
condylar surface, thickness of the cortical layer, volume and form of the condyles, 
inclination of the condylar neck and mandibular ramus height.
Hoppenreijs described 5 different condylar forms (A-E) based on condylar height-to-
width ratio and the location of the condylar top assessed on OPGs (Hoppenreijs et al., 
1997). This morphologic classification of condyles can be transformed into a 4-stages 
scale based on the severity of osteoarthritic changes. Stage 0 = smooth articular 
surface in condyles (type C and D); stage 1 = condyle in line with the mandibular 
ramus, but with some anterior bone resorption (type A); stage 2 = posterior inclined 
condyle with signs of arthritic degeneration as exophyte formation and anterior bone 
resorption (type B); stage 3 = spiky or finger-shaped posterior-inclined condyle with 
severe bone resorption at the anterior, superior and posterior sites (type E). A con-
dylar risk profile can be formulated combining the 5-points condylar form scale, the 
4-point osteoarthritis scale, age, gender and growth and development of the face. 
For example, a female patient with a long face, anterior open bite, stage 3 condyles 
(type E) and TMJ dysfunction should be considered to be at risk for CR. An additional 
CBCT or MSCT in patients with a high-risk profile is very informative.
The detection of condylar changes may affect treatment planning such as amount 
of counter-clockwise rotation or amount of advancement of the mandible in a BSSO 
procedure. It is also an important subject for discussion with the patient and fam-
ily. Orthognathic surgery should only be considered when the condyles show no 
signs and symptoms of TMJ dysfunction as assessed by clinical examination and 
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radiographs. CR can be initiated by orthodontic treatment or can be present even 
before orthodontic treatment. In these cases, a 99m-technetium scan is not able to 
provide more information because condyles with various types of TMJ dysfunction 
will show a high diphosphonate uptake.
Assessment of the condylar condition following orthognathic surgery
Condylar resorption is characterized by severe irreversible morphologic reduction 
of the condylar head, decrease of volume and decrease of ramus height. Attention 
to postsurgical mechanical loading on TMJ in patients with a high-risk profile is 
required. The following stages of condylar resorption, though not always obvious, 
can be recognized: (1) TMJ dysfunction symptoms, (2) occlusal relapse, (3) reduc-
tion of condylar volume and mandibular ramus height. Persisting TMJ dysfunction 
with pain should not be ignored. This phenomenon can reflect the first signs and 
symptoms of disturbance of homeostasis in the TMJ. However, a complicating fac-
tor in the clinical presentation of osteoarthritis is the lack of pain in many patients.
Occlusal relapse and subsequent changes of mandibular position were evaluated 
clinically and on lateral cephalograms taken with the patient in centric occlusion by 
comparing the postoperative radiographs to the immediate postoperative cephalo-
metric radiographs. A series of cephalograms were superimposed using sella and 
nasion. Vertical changes of gonion, pogonion and the incisal edge of the mandibular 
incisors can be measured perpendicular to the Frankfurt horizontal plane or a 7° 
constructed line from sella-nasion (SN). Posterior facial heights were calculated by 
measuring the vertical distance from sella to gonion (Hoppenreijs et al., 1997).
In cases where the overjet increases, overbite decreases, the mandibular ramus 
height reduces obviously and the mandibular body rotates in the clockwise direc-
tion, the suspicion of progressive condylar resorption (PCR) increases and a CBCT 
is indicated. Several studies have shown that the first signs of CR on OPG could be 
detected after 6 months or more after a BSSO. However, CR might develop up to 2 
years postoperatively (Kobayashi et al., 2012), so surgeons should be aware that PCR 
can cause late skeletal relapse after orthognathic surgery. An overview of the surface 
of condyles on a CBCT and the successive changes through time are of clinical rel-
evance for the longitudinal evaluation of PCR (figure 2.5). When PCR is diagnosed, the 
clinician has to inform patient and parents, interrupt orthodontic treatment, consider 
making a stabilization splint and keep monitoring condyles using CBCT.
Page | 28
role of CBCT in future investigations & recommendations for future 
investigations
To meet the clinical demand for the implementation of 3D rendering of condyles in 
daily practice, a more automated, user-friendly approach for the 3D reconstruc-
tion of condylar surface with proven reliability and validity and further reduction 
in computing time is desired. In light of this, our research group has developed 
a novel semi-automated method for 3D rendering of condyles based on region 
growing algorithm (Adams and Bischof, 1994) (figure 2.6) and active appearance 
Figure 2.5 A 21-year-old female patient with maxillary hyperplasia, mandibular hypoplasia, gummy 
smile and anterior open bite underwent a Le Fort I intrusion osteotomy and BSSO mandibular ad-
vancement with a counterclockwise rotation. CBCT scans were made preoperatively and during the 
postoperative follow-up period. 3D rendered virtual condylar models as well as CBCT cross-sections 
were computed. Note the typical postoperative dimensional changes of the condyle (flattening and 
erosion of the condylar surface, formation of osteophytes at the medial pole, reduction of condylar 
height); these are pathognomonic for progressive CR. Also the condylar volume was reduced post-
operatively due to the CR.
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model (Babalola et al., 2008). These algorithms allow accurate segmentation and 
3D rendering of condyles from the original CBCT image data sets by using greyscale 
values that are specific to condylar regions while taking the shape of the condylar 
contour into account in order to overcome the low contrast resolution and distortion 
of greyscale value in CBCT scans.
The incorporation of an automated postscan image enhancement protocol and 
subsequent 3D rendering of condyles into the 3D virtual head model of patients 
will provide a powerful tool for analysis of CR in 3D. In contrast to most previous 
longitudinal clinical studies on condylar remodelling and resorption after orthog-
nathic surgery using 2D radiographs, in which tracing and superimposition upon 
cephalometric landmarks of the anterior cranial base is required, CBCT data allows 
regional voxel based superimposition of 3D data sets. In this way, superimposition 
of specific anatomic region of interest can be achieved without landmark identifica-
tion errors, and this method is not dependent on the precision of tracings and 3D 
surface models.
Regions that are not subject to volumetric changes following orthognathic surgery, 
such as the frontal bone, orbital rims, zygomatic arch and coronoid process, can 
potentially be used as areas of registration for voxel-based superimposition of 3D 
virtual head models. Regional superimposition of condyles with voxel-based regis-
tration on the coronoid process may particularly be interesting, since it is a region 
Figure 2.6 This is the same patient as in figure 2.5.
(a)  3D rendered right condyle with conventional thresholding segmentation algorithm using CBCT 
data. Due to the regional low contrast resolution, many defects were present on the condylar 
surface, impeding quantitative analysis of the condyle.
(b)  3D rendered right condyle after manual segmentation (golden standard). The condylar surface 
integrity was restored.
(c)  3D rendered right condyle using the semiautomated 3D region growing segmentation algorithm. 
The condylar surface was free of surface defects and was almost identical to the manually seg-
mented condyle.
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of mandible in direct proximity to the condyles that is not likely to be affected by 
orthognathic surgery (figure 2.7). Emphasis should be put on the investigation of 
volumetric changes of the condylar head and posterior ramus, because these two 
variables have long been considered to be the defining characteristics of postop-
erative CR (Hoppenreijs et al., 1998).Our research in the near future is attempting 
to identify new volumetric predictive factors for postoperative CR and to establish a 
new index defining the severity of CR based on volumetric measurements. Further 
investigation in the potentials of regional voxel based registration in the analysis of 
3D CBCT images is needed, and the correlations between images and anatomic 
changes need to be verified.
Figure 2.7 This is the same patient as in figure 2.5. Regional superimposition of 3D rendered hemi-
mandibles using CBCT data. The left coronoid process was used as a stable reference region for the 
regional superimposition. In this way, the extent of postoperative dimensional and volumetric changes 
of the condyle in relation to the preoperative situation could be visualized in 3D.
(a)  Direct postoperative left hemimandible (coloured) was superimposed on the preoperative hemi-
mandible (partially transparent). No difference in condylar morphology was seen.
(b)  One-year postoperative left hemimandible (coloured) was superimposed on the preoperative 
hemimandible (partially transparent). CR was present. Note the reduction of posterior ramus height 
and the erosion of condylar surface. The osteosynthesis plates were removed before the CBCT 
scan.
(c)  Two-year postoperative left hemimandible (coloured) was superimposed on the preoperative 
hemimandible (partially transparent). No further CR had occurred after the one-year postoperative 
scan, although some condylar remodelling could be seen.
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Chapter 3
Validation of a novel semi-automated method 
for three-dimensional surface rendering 
of condyles using cone-beam computed 
tomography data
ABSTrACT
Morphologic changes of condyles are often observed following orthognathic sur-
gery. In addition to clinical assessment, radiographic evaluation of the condyles 
is required to distinguish the physiological condylar remodelling from pathological 
condylar resorption. The low contrast resolution and distortion of greyscale values 
in CBCT scans have impeded an accurate 3D rendering of condyles. The current 
study proposes a novel semi-automated method for 3D rendering of condyles using 
CBCT datasets and provides a clinical validation of this method. Ten patients were 
scanned using a standard CBCT scanning protocol. After defining the volume of 
interest, a greyscale cut-off value was selected to allow an automatic reconstruction 
of the condylar outline. The condylar contour was further enhanced manually by two 
independent observers to correct for the under- and overcontoured voxels. Volumet-
ric measurements and surface distance maps of the condyles were computed. The 
mean within-observer and between-observer differences in condylar volume were 
8.62 mm³ and 6.13 mm³, respectively. The mean discrepancy between intra- and 
inter-observer distance maps of the condylar surface was 0.22 mm and 0.13 mm, 
respectively. This novel method provides a reproducible tool for the 3D rendering 
of condyles, allowing longitudinal follow-up and quantitative analysis of condylar 
changes following orthognathic surgery.
Tong Xi, Bram van Loon, Piotr Fudalej, Stefaan Bergé, Gwen Swennen, Thomas Maal
International Journal of Oral and Maxillofacial Surgery. 2013; 42(8):1023-9.
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INTrODUCTION
Morphological changes of the condyles are observed regularly following orthogna-
thic surgery (Arnett et al., 1996; Hoppenreijs et al., 1998; Borstlap et al., 2004; Kim 
et al., 2011; Kobayashi et al., 2011; Motta et al., 2011; Park et al., 2011). As a result 
of altered mechanical load, condyle seating and intrinsic adaptive capability of the 
temporomandibular joints (TMJ), dimensional changes of the condyles may occur in 
the postoperative period. According to their magnitude and rate of progression, the 
postoperative morphological changes of the condyles can be either physiological 
or pathological (Arnett et al., 1996; 1996; Hoppenreijs et al., 1998). In contrast to 
the self-limiting, physiological form of condylar remodelling, patients who experi-
ence pathological progressive condylar resorption (PCR) may be confronted with 
postoperative relapse, anterior open bite (AOB), decrease of posterior facial height 
and temporomandibular disorders (Hoppenreijs et al., 1998; Park et al., 2011). The 
distinction between condylar remodelling and condylar resorption is sometimes dif-
ficult to make, and requires radiographic assessment (Tsiklakis et al., 2004; Billiau 
et al., 2007; Hussain et al., 2008; Katakami et al., 2008). The TMJ is a difficult 
region to depict due to the dense cranial bones that surround and overshadow the 
relatively small condyles (Ludlow et al., 2007).
Conventional two-dimensional (2D) imaging techniques (e.g. lateral cephalograms 
and orthopantomograms) have been used widely to depict the condyles (Pearson 
and Ronning, 1996; Hoppenreijs et al., 1998; Billiau et al., 2007). However, 2D 
radiographic images are not only often difficult to interpret, but the lack of reproduc-
ibility also impedes an accurate monitoring of changes to the condylar contour 
during the follow-up period (Halazonetis, 2005; Swennen et al., 2006; de Oliveira 
et al., 2009). The 2D representation of the three-dimensional (3D) morphologically 
complex anatomy of the TMJ has major drawbacks in the analysis of condylar 
remodelling.
The emergence of cone-beam computed tomography (CBCT) in the past years has 
overcome many shortcomings of 2D imaging techniques (Honey et al., 2007; De 
Vos et al., 2009). CBCT offers a real-size dataset based on a single low-radiation-
dose scan, with the potential of scanning the patient in an upright sitting position 
(Halazonetis, 2005; Ludlow et al., 2007). From this dataset, 3D reconstructions 
and multiplanar cross-sections of maxillofacial bony structures can be computed 
(Tsiklakis et al., 2004; Hilgers et al., 2005). In light of this new imaging modality, an 
accurate 3D quantitative analysis of postoperative morphological changes of the 
condyles could be performed, including the invaluable volumetric analysis of the 
Page | 37
Chapter 3 | Validation of a novel semi-automated method for 3D surface rendering of condyles
3
condyles, a hiatus in the field up until now. However, the low contrast resolution 
and distortion of Hounsfield Units (HU value) in CBCT scans have hampered an 
accurate 3D reconstruction and surface rendering of the condyles (Katsumata et 
al., 2007; Schlueter et al., 2008). In order to counteract this problem, a new method 
of post-processing the CBCT data was developed to improve the process of 3D 
condylar reconstruction.
The purpose of this study was (1) to present a novel semi-automated method for 
both the qualitative and quantitative 3D virtual evaluation of the condyles using 
CBCT data, and (2) a clinical validation of this method.
Material & methods
Subjects
Ten adult Caucasian patients with a mandibular hypoplasia (2 males, 8 females) who 
had undergone bilateral sagittal split mandible advancement surgery (BSSO) were 
randomly selected from the department’s 3D database. The mean age of patients 
at the time of surgery was 38.1 years (range 19 - 58 years).
A CBCT scan was made of all ten patients at one week preoperatively. The patients 
were scanned vertically in a natural, seated position with the occlusal plane parallel 
to the horizontal positioning line of the scanner using a standard CBCT scanning 
protocol. CBCT scanning (i-CAT, 3D Imaging System, Imaging Sciences Interna-
tional Inc, Hatfield, Pennsylvania, USA) was performed in “Extended Field” modus 
(field of view: 16 cm diameter/22 cm height; scan time: 2 x 20 seconds; voxel size: 
0.4 mm) at 120 kV and 3-8 mA pulse mode with a radiation dose of 136 μSv for a 
single scan. Data from the CBCT were exported in a DICOM format and rendered to 
a 3D virtual skull model using Maxilim® software (Medicim NV, Mechelen, Belgium).
Image processing
Each 3D virtual skull model was processed following a step-by-step protocol, as 
outlined below.
Step 1 Standardized positioning of the 3D virtual skull model in the 3D viewer
A Cartesian 3D cephalometric reference frame was set up around the 3D virtual 
skull model in order to position the 3D model of each patient in an uniform position. 
This 3D reference frame was constructed around the hard tissue nasion and sella 
landmarks, as described by Swennen et al. (Swennen et al., 2006). Consequently, 
Page | 38
the infraorbitale and porion bilateral landmarks were identified. The position of 
both porions was double-checked on the sagittal slices of CBCT data and manu-
ally adjusted if necessary. The Frankfurter horizontal (FH) plane was constructed 
through the left and right infraorbitale and the virtual landmark half-way between 
the left and right porion. Lastly, the vertical plane was constructed perpendicular to 
the FH plane (figure 3.1A).
Step 2 Determination of the volume of interest (VOI)
After the correct positioning of the 3D skull model, the C-point was identified as the 
most caudal point of the sigmoid notch bilaterally. A plane that goes through the 
C-point and runs parallel to the FH plane, referred to as the C-plane, was subse-
quently constructed in a semi-automated way by Maxilim® software for both sides. 
The cranial part of the condylar process dissected by the C-plane was defined as 
the condyle and represented the VOI of this study. In order to compute the landmark 
identification error and the consequent error in the determination of VOI, C-points 
were identified twice on the same 3D model with an interval of 4 weeks by the 
same operator to prevent analysis bias. The Euclidean distance between the two 
identified C-points on each side was calculated. Thus, a total of four C-planes and 
four VOIs were created for each patient, two on each side (figure 3.1B).
Step 3 Semi-automated virtual recontouring of condyles
After the determination of the VOI, the task was to accentuate the contour of the VOI 
globally using the differences in greyscale between the voxels that were adjacent 
to the VOI outline. The original DICOM file of the CBCT dataset was loaded into the 
image processing program ImageJ (National Institutes of Health, USA). By scrolling 
through the sagittal slices of the condyles, a suitable greyscale cut-off value was 
selected manually in such a way that most parts of the condylar contour were made 
Figure 3.1 
(A) Step 1: 3D surface rendering and positioning of the virtual 3D skull model using Maxilim software.
(B) Step 2: Identification of a C-point and construction of a C-plane running through the C-point.
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visible while the interarticular space in relation to the glenoid fossa was maintained. 
Using this greyscale cut-off value, the contour of VOI was enhanced automatically. 
Consequently, the VOI was exported in a med-file (figure 3.2A).
Step 4 Manual enhancement of the VOI outline
This step was aimed at making fine amendments to the VOI outline. The med-
file from step 3 was loaded into the Editmask program (Medicim NV, Mechelen, 
Belgium). The sagittal slices of each condyle were checked to identify any over- or 
under-contouring of its outline. Over-contouring could be identified when the opaque 
area of the VOI was overlying radiolucent voxels of the condyle, whereas under-
contouring could be seen when radiopaque voxels of the condyle were exposed 
beyond the opaque outline of the VOI. Fine adjustments could be made manually by 
shading in or erasing the under-contoured and over-contoured voxels, respectively. 
In order to assess the reproducibility and reliability of the manual enhancement of 
the VOI outline, this process was carried out by two independent clinicians (TX and 
BL), both residents in oral and maxillofacial surgery. The first clinician (TX) repeated 
this process after an intervening period of four weeks. Surface distance maps 
between the enhanced VOIs of the same condyle were computed to quantify the 
discrepancy between different attempts (figure 3.2B).
Step 5 Semi-automated repositioning of refined condylar models in patient’s 3D 
model
Med-files containing the enhanced condylar outline were loaded into Maxilim 
software. An enhanced 3D augmented model of the condyles was rendered from 
the corresponding med-file and automatically superimposed upon the original 3D 
virtual augmented skull model of the patient using the original coordinates of voxels 
Figure 3.2 
(A)  Step 3: Manual selection of a suitable greyscale cut-off value for the right condyle and automatic 
segmentation of the condyle.
(B) Step 4: Manual refinement of the condylar contour on each sagittal slice.
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in the DICOM file. In accordance with the definition of the VOI mentioned above, 
solely the cranial part of the enhanced 3D augmented condyles in respect to the 
cut-off plane (C-plane) was used for further volumetric calculation. To complete this 
process, the left and right 3D augmented condyle of each patient was dissected 
by the corresponding C-planes. The cranial portion of each condyle was saved and 
exported as an obj-file (figure 3.3A).
Step 6 Semi-automated check of the integrity of the VOI surface
Surface defects on the 3D augmented condyles may exist, notably on the caudal 
outline of the condyle, consequent to the dissection of the original 3D augmented 
condyle by the C-plane. Any existing surface defect needed to be repaired to allow 
an accurate calculation of the condylar volume. In order to close up the surface 
defects, 3D modelling software Autodesk® 3ds Max® (Autodesk Inc., San Rafael, 
USA) was employed. An IT engineer of the department programmed a macro that 
was designated to load obj-files of the condyles automatically into Autodesk 3ds 
Max, after which the software automatically detected and filled up the missing 
surface polygons of the 3D condyle (figure 3.3B).
Following the repair of the surface defects, the obj-file of each condyle was loaded 
in 3D viewing software Deskartes® View Expert 8.1 (Deskartes Oy, Finland). The 
continuity of the entire surface of the 3D augmented condyle was checked virtually 
in the 3D viewer in 360° to identify any persistent defect. In case that a defect was 
still present, it was closed manually by the engineer using Autodesk 3ds Max. Fi-
nally, the volume of the 3D augmented condyle was calculated with the designated 
function of the Deskartes View Expert 8.1 software (figure 3.3C).
Figure 3.3 Step 5: Repositioning of the 3D rendered condyle in the original 3D virtual skull model and 
segmentation of the cranial part according to the corresponding C-plane (A). Step 6: Automatic check 
and repair of condylar surface defects (B) and measurement of condylar volume (C).
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The 3D rendered condyle was finally loaded into Maxilim software and incorpo-
rated in the original 3D skull model, resulting in a 3D virtual ‘condyle’ augmented 
skull model. Differences between the 3D rendered condyle before and after post-
processing the original CBCT data could clearly be seen (figure 3.4).
Statistical analysis
The reproducibility of the method described above was described in terms of 
variation in the final condylar volume and was influenced by three factors: (1) the 
identification error of the C-point and the subsequent variation in condylar volume; 
(2) within-observer differences; (3) between-observer differences. The lack of agree-
ment in volumetric measurement was evaluated by calculating the bias induced 
by each of the three factors, estimated by the mean volumetric differences (d) and 
the standard deviation of the differences (sd) (Bland and Altman, 1986). The limits 
of agreement (95 percentile range of differences) were calculated by d±2sd. The 
clinical significance of the variations in volumetric measurements was reflected by 
comparing these to the mean condylar volume. The left and right condyles were 
processed and analyzed separately.
rESULTS
The validation of the proposed method for enhanced quantitative volumetric analy-
sis of the condyles consisted of three parts. First, the landmark identification error 
of the C-points, upon which the cut-off planes for 3D augmented condyles were 
constructed, was measured. Second, variances and the intraclass correlation coef-
ficient (ICC) of volumetric measurement errors were calculated. Finally, distance 
maps were computed.
Figure 3.4 3D surface rendered condyle before (A) and after (B) post-processing the original CBCT 
data.
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As far as the landmark identification error was concerned, the mean Euclidean 
distance between two C-points (C1 and C2) in relation to the Cartesian 3D refer-
ence frame on the left and right side was 0.12 mm and 0.17 mm, respectively. The 
maximum discrepancy in the identification of the C-point on the left and right side 
was 0.2 mm and 0.3 mm, respectively.
The volume of each condyle, defined as the volume of the condylar process cranial 
to the C-plane, was computed for a total of 10 patients. This was done twice by 
observer 1 (T1 and T2) and once by observer 2. The overall mean condylar volume 
was 1886 mm³ (standard deviation 389 mm³, range 1163 - 2685 mm³) for ob-
server 1 and 1880 mm³ (standard deviation 386 mm³, range 1163 - 2654 mm³) 
for observer 2. The within-observer differences, between-observer differences and 
C-point-dependent differences are shown in table 3.1.
Beside volumetric measurements, distance maps were computed to assess the 
differences between the contours of 3D rendered condyles. The linear distances 
between the corresponding vertices of surface mesh on the two rendered 3D 
contours of the same condyle were calculated. The intra-observer mean distance 
between the condylar contours was 0.22 mm. The inter-observer mean distance 
was 0.13 mm. The total distribution of intra- and inter-observer distance is depicted 
as a box plot in figure 3.5. 85% and 93% of calculated distances between the 
condylar contours had an intra- and inter-observer distance smaller than 0.5 mm, 
respectively (figure 3.6).
Table 3.1 
Variations in condylar volume within an observer, between two observers and in relation to the location 
of C-points. The volume percentage of the difference in relation to the mean condylar volume was 
shown in brackets. 
Mean difference (mm3) Standard deviation (mm3) Limits of agreement (mm3)
Within Observer 8.62 (0.5%) 24.67 -41.27 - 58.51 (3.1%)
Between observers 6.13 (0.3%) 14.16 -22.51 - 34.76 (1.8%)
Location of C-point 2.51 (0.1%) 3.77 -5.11 - 10.14 (0.5%)
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DISCUSSION
Numerous attempts have been made to evaluate the morphological changes of 
the condyles following orthognathic surgery. The majority of these studies have 
adopted 2D radiographic techniques, such as lateral cephalograms and ortho-
Figure 3.5 Distribution of intra-observer and inter-observer distance errors. The median (red line), 
25th and 75th percentile (bottom and top of the box) and 5th and 95th percentile of distance errors 
(lower and upper end of whiskers) were depicted.
Figure 3.6 Cumulative distribution of intra-observer (red line) and inter-observer (blue line) surface 
distance errors.
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pantomograms, to depict the contour of the condyles (Hoppenreijs et al., 1998; 
Borstlap et al., 2004). 3D multi-slice CT (MSCT) technology has also been used, 
allowing the visualization of dimensional changes of the condyles in the sagittal, 
coronal and transverse slices, as well as 3D reconstructions. Although the MSCT 
technology provides sufficient information on osseous pathological changes such 
as erosion, bone resorption and formation of osteophytes (Ahmad et al., 2009), the 
high radiation dose involved in MSCT examination makes it unsuitable for long-term 
follow-up.
The introduction of CBCT provided a new means to depict the condyles in three 
dimensions. Compared to conventional MSCT scanning, the shorter scanning time, 
low radiation dose and comparable accuracy of CBCT scans have made it a useful 
tool in maxillofacial imaging and diagnosis. In contrast to conventional MSCT, the 
radiographic density of a voxel of an anatomical structure that is acquired by CBCT 
does not depend on the actual bone density. The greyscale value of a voxel in a 
CBCT scan is rather related to the position of the voxel in the image volume (Swennen 
and Schutyser, 2006). This implies that the X-ray attenuation of CBCT acquisition 
systems produces different greyscale values for similar bone structure in different 
areas of the scanned volume. Therefore, discontinuity of the cortical surface of bony 
structures like the condyles is often seen on a 3D reconstruction acquired by CBCT. 
This form of distortion created on the condyle outline makes quantitative analysis 
of condylar changes in form of linear and volumetric measurements less accurate, 
if not impossible. To allow the accurate quantitative analysis of the condyles, it is 
essential to overcome the shortcoming of CBCT 3D reconstructions mentioned 
above, especially if a solid definition of the condylar and an accurate volumetric 
analysis of the condyles are required. In order to define the VOI of the condyle, first 
a reliable caudal cut-off plane of the condylar process needs to be defined. Second, 
the entire contour of the condylar cortical surface needs to be reconstructed from 
the CBCT data. The reproducibility and reliability of both factors will affect the final 
outcome of the volumetric analysis. These were therefore investigated in this study.
The caudal cut-off plane needs to be a reproducible plane in the Cartesian 3D 
reference system adjacent to the condylar process that is not affected by growth 
or surgical interventions. The sigmoid notch is an anatomic landmark that meets 
these requirements. A plane that passes through this anatomically stable landmark 
would be ideal to be used as the caudal cut-off plane for the condylar process. In 
this study, we have chosen to construct a cut-off plane (C-plane) that runs parallel 
to the FH plane of the 3D reference system and passes through the C-point. As 
the FH plane is defined by the anatomical landmarks of infraorbitale and porion, 
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two well-known landmarks that are neither affected by surgery nor post-adolescent 
growth, the constructed C-plane would theoretically be highly reproducible. How-
ever, because the C-point needs to be identified on the 3D virtual skull model, it is 
prone to identification errors.
In conformity with previous validation studies of facial cephalometric landmarks 
(Swennen et al., 2006; Titiz et al., 2011), the identification of the C-point on 3D 
virtual skull models has proven to be reproducible in our study. In contrast to 
previous studies, this study was focused on volumetric analysis and not on linear 
measurements. This implies that the influence of the landmark identification error 
of C-point on the final volumetric measurement also needs to be evaluated. The 
results of this study showed that the magnitude of landmark identification error 
was approximately 0.2 mm which is in line with a previous study (Titiz et al., 2011). 
The mean variation in condylar volume was 2,51 mm³. With regard to the spatial 
dimensions and volume of condyles, and their anatomic variations, this minute error 
in volume has little clinical relevance.
The refinement by post-processing the original CBCT data as described in this 
study has proven to be a reliable way to counteract the image artifacts on the 
condylar contour. Results revealed that the within-observer and between-observer 
measurement errors were very low for the volumetric measurements performed on 
the condyles after post-processing. These findings underlined that the proposed 
image post-processing method was not operator-dependant. It is important to note 
that little effort was made to train and calibrate the two operators beforehand, which 
also strongly suggests that the method is not operator-dependant.
In contrast to the condylar surface mapping proposed by Cevidaneset al. (Cevidanes 
et al., 2006), the method of post-processing the original CBCT data in the present 
study is voxel-based. This approach is based on the selection of a distinct greyscale 
value for the condylar region and the semi-automated subsequent incorporation of 
the enhanced 3D condyles into the original 3D skull model of the patient, resulting 
in a 3D virtual ‘condyle’ augmented skull model. As raw CBCT data were used 
to compute the refined condylar outlines, this process may be less prone to the 
inherent calculation inaccuracies during the 3D surface rendering of the condyles. 
In comparison to the smoothened condylar outline obtained by surface mapping 
(Cevidanes et al., 2006), no image processing algorithm was used to smoothen the 
final condylar contour in this study. Therefore, the augmented condylar contour is 
a true representation of the raw CBCT data, without distortion of the voxel based 
data. The reproducibility of the 3D reconstruction of the condylar surfaces was 
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proved to be high as the mean discrepancy between two 3D rendered contours 
for the same condyle was 0.22 mm, only the half of voxel size (0.4 mm), far less 
than the clinically accepted error margin of 0.5 mm. 89% of the total condylar 
surface had a distance error within 0.5 mm, which is comparable to the precision of 
the semi-automated 3D rendering of condylar surface based on SPHARM-PDM as 
proposed by Paniagua et al. (Paniagua et al., 2011; Paniagua et al., 2011).
That the results of the current study underline the low random measurement error 
of the proposed image processing method, the systematic measurement error, 
however, can only be calculated in a cadaver study that compares the volume of 
the real cadaveric condyle with the volume of the virtually rendered condyle. Several 
previous cadaver studies have shown that the CBCT permits accurate imaging of 
osseous maxillofacial structures in three planes and provides reliable distance (2D) 
and volumetric (3D) measurements (Lascala et al., 2004; Agbaje et al., 2007). The 
reported mean CBCT volumetric measurement error in the cadaver study of Agbaje 
et al. was 2 mm³ (1% of the total volume). As this error is smaller than the variation 
in condylar volume found in the current study, it can be suggested that the accuracy 
of the proposed image processing method is influenced more by the random error 
rather than the systematic error. Minimizing the random measurement error should 
therefore be the focus of further studies.
It is important to note that a different greyscale value was used for each patient as 
the X-ray attenuation is different in each case. This required the manual selection 
of a suitable greyscale value for each CBCT scan, which is a disadvantage, as it is 
more time-consuming (approximately one hour of computing time per patient). In 
addition, the proposed method necessitates the use of different software packages, 
which is not only inconvenient, but also economically less attractive. Currently, our 
research group is developing a more automated approach for 3D rendering of con-
dyles using a 3D region growing algorithm that would overcome these shortcomings 
in the near future, offering more convenience and efficiency.
The volumetric analysis of the condyles carried out in this study, which was made 
possible by the introduction of a validated definition of the VOI in the condylar 
region and a reproducible novel image post-processing procedure of the original 
CBCT data, has shed new light on the quantitative analysis of condylar alterations. 
In most previous studies, condylar changes have been described in terms of linear 
and angular measurements between a limited number of predefined cephalomet-
ric points on the cortical bone contour. Physiological remodelling or pathological 
resorption of the condyles and the consequent change of the condylar contour 
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hampers the identification of the same cephalometric point in different images. The 
problem of finding fixed, reproducible points on the condylar surface to perform the 
same measurements was one of the key factors that inhibited reliable and accurate 
quantitative analysis of the condyles. By measuring the volume of the condyles in 
conjunction with a limited number of linear and angular measurements, condylar 
changes can now be quantified in a reliable and reproducible way, while taking full 
advantage of the CBCT 3D imaging modality.
The ability to render and incorporate the previously poorly visualized condyles into 
the 3D virtual head models of patients provides the clinicians with a powerful tool 
for the analysis of morphological changes of the condyles following orthognathic 
surgery. The detailed dimensional and volumetric changes of the condyles can be 
identified and quantified at different moments during the postoperative follow-up 
period and can be correlated with the clinically observed changes of the facial profile. 
This may allow clinicians to detect early signs of pathological condylar resorption 
and distinguished them from physiological condylar remodelling in orthognathic pa-
tients, enabling both the clinician and patient to anticipate the possible subsequent 
changes of the facial profile.
Also for patients with osteoarthritis and condylar growth anomalies, the detailed 3D 
images of condyles allow clinicians to visualize and recognize the extent of disease 
at the baseline. Longitudinal follow-up of the condyles using CBCT scans in the 
course of treatment enables the clinician to quantify the treatment results.
Using the currently proposed 3D image post-processing protocol, our research in 
the near future is attempted to establish a new index defining the severity of condy-
lar resorption based on volumetric measurements and to evaluate the influences of 
the morphological changes of condyles on the postoperative displacements of the 
oral-maxillofacial complex among patients following orthognathic surgery.
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Chapter 4
A novel region-growing based semi-
automatic segmentation protocol for three-
dimensional condylar reconstruction using 
cone-beam computed tomography (CBCT)
ABSTrACT
The objective of the study was to present and validate a semi-automatic segmenta-
tion protocol to enable an accurate 3D reconstruction of the mandibular condyles 
using cone-beam computed tomography (CBCT). Bilateral mandibular condyles in 
ten CBCT datasets of patients were segmented using the currently proposed semi-
automatic segmentation protocol. This segmentation protocol combined 3D region-
growing and local thresholding algorithms. The segmentation of a total of twenty 
condyles was performed by two observers. The Dice-coefficient and distance map 
calculations were used to evaluate the accuracy and reproducibility of the seg-
mented and 3D rendered condyles. The mean inter-observer Dice-coefficient was 
0.98 (range [0.95-0.99]). An average 90th percentile distance of 0.32 mm was found, 
indicating an excellent inter-observer similarity of the segmented and 3D rendered 
condyles. No systematic errors were observed in the currently proposed segmenta-
tion protocol. The novel semi-automated segmentation protocol is an accurate and 
reproducible tool to segment and render condyles in 3D. The implementation of this 
protocol in the clinical practice allows the CBCT to be used as an imaging modality 
for the quantitative analysis of condylar morphology.
Tong Xi*, Ruud Schreurs*, Wout Heerink, Stefaan Bergé, Thomas Maal
PLoS One. 2014; 9(11):e111126.
* Both authors contributed equally.
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INTrODUCTION
Morphologic changes of jaw joints, or condyles, in form of condylar remodelling 
and condylar resorption are observed regularly following orthognathic surgery (Hop-
penreijs et al., 1998; Borstlap et al., 2004; Park et al., 2011; Kobayashi et al., 2012). 
In contrast to the self-limiting, physiologic form of condylar remodelling, progressive 
pathologic condylar resorption (PCR) is an irreversible process that is characterized 
by severe dimensional changes of the condylar head and reduction of the posterior 
facial height (Hoppenreijs et al., 1998; Kobayashi et al., 2012). PCR is associated 
with late postoperative relapse, and may compromise the aesthetic and functional 
result of orthognathic surgery (Borstlap et al., 2004; Kobayashi et al., 2012). In order 
to evaluate the disease progression and subsequent skeletal changes, radiographic 
assessment of condylar morphology is required.
In the past decade, cone-beam computed tomography (CBCT) has become a well-
established imaging technique within oral and maxillofacial surgery. In contrast to 
the fan beamed x-ray used in conventional CT, a cone shaped x-ray beam is used 
in CBCT, allowing the acquisition of a real-size dataset based on a single low-
radiation-dose scan, with the potential of scanning the patient in an upright position 
(Ludlow et al., 2007). The CBCT is an alternative to conventional two-dimensional 
(2D) (e.g. orthopantomogram and lateral cephalogram) and three-dimensional (3D) 
(e.g. spiral CT) imaging modalities, providing 3D image data of hard and soft tissue 
structures. 3D virtual head models of the soft and bony tissue of the maxillofacial 
region, including the condyles, can be rendered from CBCT data sets for accurate 
diagnosis, predictable virtual surgical planning, postoperative follow-up and patient 
education (Agrawal et al., 2013; Shafi et al., 2013).
Despite the obvious advantages of 3D CBCT in comparison to 2D radiographs 
in the analysis of condylar morphology (Honey et al., 2007; De Vos et al., 2009), 
the segmentation and 3D rendering of condyles using CBCT is still problematic 
(Katsumata et al., 2007). The diversified and complex morphology of condyles, 
relatively low condylar bone density, proximity of the discus articularis and the 
overshadowing glenoid fossa have made the condyles anatomically a challenging 
structure to depict (Engelbrecht et al., 2013; Xi et al., 2013). In addition, the intrinsic 
low contrast resolution, partial volume effect and distortion of Hounsfield Units (HU 
value) in CBCT scans have hampered an accurate 3D rendering of the condyles 
from raw CBCT data sets (Katsumata et al., 2007; Schlueter et al., 2008; Engelbre-
cht et al., 2013) (Figure 4.1).
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A wide range of approaches have been developed to render the condylar surface in 
3D using CBCT data. In all presented approaches, the 3D surface of the condyles 
was computed through manual outlining of the condylar contour in 2D cross-
sections of a CBCT scan, based on the subjective judgment of an observer to 
identify the condylar contour. The observer distinguishes the condyle from adjacent 
tissues through differences in greyscale value while taking the general shape of con-
dyle into account. This process is tedious and time-consuming. The outlines traced 
in subsequent slices may become mismatched, resulting in an irregular surface 
rendering and an erroneous analysis. The semi-automated 3D rendering of condylar 
surface approach by Paniagua et al. in their SPHARM-PDM analysis provided some 
promising results and showed an appropriate precision for its clinical precision (Pa-
niagua et al., 2011; Paniagua et al., 2011). However, this approach is dependent on 
the manual outlining of surface structures in cross-sections of a volumetric dataset 
with a user-guided InsightSNAP software application (Yushkevich et al., 2006). Our 
previously proposed approach for 3D rendering of condylar surface showed to be 
highly reliable and reproducible to reconstruct 3D morphology of the condyles (Xi 
et al., 2013). Nonetheless, it had the drawback of necessitating the use of various 
software applications and manual check and refinement of the thresholded condylar 
outline on each slice. In order to meet the clinical demand, a more automated 
approach for the 3D reconstruction of condylar surface with proven reliability and 
validity and a significantly reduced computing time is desired.
Figure 4.1 A 3D rendered virtual head model of a patient from Maxilim, reconstructed from the origi-
nal CBCT data. The inaccurate reconstruction of the condyle is clearly visible. No measurement of the 
condylar shape or volume can be made due to the discontinuity of the condylar surface.
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The aim of the current study is to present a fast, semi-automated approach for 
3D surface rendering of condyles using CBCT data, and to validate the clinical 
performance of this method.
MATErIALS & METHODS
The study protocol (number 181/2005) was approved by the Medical Ethical Com-
mission of the Radboud University Nijmegen Medical Centre, Nijmegen, The Neth-
erlands. Patient information was anonymized and de-identified prior to analysis. 
Due to the design of the study and the usage of anonymized data, written informed 
consent was waived for this study.
Patients
CBCT datasets of ten adult Caucasian patients (2 males and 8 females, mean age 
38.1 years, range 19 to 58 years), randomly selected from the CBCT database of 
the Department of Oral and Maxillofacial Surgery, were used for this study.
Data acquisition
The CBCT datasets were obtained by scanning the patients seated in the natural 
head position using a standard CBCT scanning protocol (i-CAT, 3D Imaging System, 
Imaging Sciences International Inc, Hatfield, PA, USA) in “Extended Field” modus 
(field of view: 16 cm diameter/22 cm height; scan time: 2x20 seconds; voxel size: 
0.4 mm) at 120 kV and 3-8 mA pulse mode. Radiation dose for the patient was 
given as 136 μSv for a single scan.
Two observers segmented a total of twenty condyles using all ten datasets with the 
semi-automatic segmentation method proposed in the current study. Observer 1 
had extensive clinical experience with the segmentation of condyles based on CBCT 
data, whereas observer 2 had little clinical experience. The segmentation results of 
both observers were referred to as Segmentation Group 1 (SG1) for observer 1 and 
Segmentation Group 2 (SG2) for observer 2.
The previous validation study by Xi et al. (Xi et al., 2013) utilized the same ten data-
sets as the current study. As the results from the aforementioned study were proven 
to be highly reliable and reproducible, the segmentations and 3D reconstructions 
from the previous validation study served as controls in the current study. These 
controls will hereafter be referred to as the Validation Group (VG).
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Semi-automatic segmentation
The DICOM files were loaded in a Graphical User Interface designed in Matlab 
(2012b, The Mathworks Inc., Natick, MA, USA) for the visualization and segmenta-
tion of an image volume. For means of search region reduction and reduction of 
computational resources, a smaller volume of interest (VOI) was selected by the 
observer before initialization of the segmentation. A novel semi-automatic segmen-
tation algorithm, based on 3D region growing, was implemented in the software. 
A seed point was selected by the observer once every five slides in the VOI. After 
selection of the seed point, a 2D connected components region growing algorithm 
provided the observer with an outline of the segmentation. The threshold value of 
the 2D region growing could be adjusted interactively. The outline was updated in 
real time accordingly after the threshold adjustment, providing an optimal threshold-
ing based on the outline of the condyle, according to the judgment of the observer.
The selection of local thresholds could be carried out in the axial, sagittal and coro-
nal direction. Following the selection of local thresholds once every five slides, a 3D 
connected components region growing algorithm that was configured with these 
local thresholds was initiated automatically from the central seed point. Interpolation 
was used to establish the local threshold to be used on slides not processed by 
the user. The algorithm’s output consisted of a binary volume which served as an 
overlay on any of the visualized slides, and a 3D polygon that could be visualized 
in a separate 3D visualization window. A schematic overview of the segmentation 
protocol is presented in Figure 4.2.
Post-processing
Post-processing of the resulting segmentation was performed using the 2D region 
growing algorithm mentioned before. A region of interest was selected on a slide 
in need of correction (applicable in the axial, sagittal and coronal direction). After 
the selection of a new seed point, a new outline of the condyle was generated, 
which could again be adjusted interactively. Both addition of a 2D segmentation to 
the image label already present in the slide from the 3D region growing, as well as 
replacement of the 3D region growing image label in a particular slide were possible. 
The polygon surface was updated once the 2D region growing result was accepted 
by the observer.
In order to counteract possible excess connections between the glenoid fossa and 
condyle, the segmentation volume could be morphologically opened with a struc-
tural element of size three. The segmentation result following post processing was 
exported as a raw binary dataset which could be processed by Maxilim (Medicim 
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Figure 4.2 Schematic overview of the segmentation algorithm. The faulty outline of the thresholded 
condyle is clearly present (A). The user selects a seed-point once every five slides. The selection of 
this seed point automatically renders an outline of the condyle based on the threshold (B). The user 
can adjust the threshold interactively to generate the best fit for the condylar outline. All threshold 
values are plotted in a graph (C). For all slides in between the two user-defined slides, the threshold 
value is determined through interpolation. Subsequently, the region growing is initiated, after which 
post processing is possible. Finally, the condyle is segmented and rendered in 3D (D).
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N.V., Mechelen, Belgium) for integration in a 3D virtual model. Since the segmenta-
tions were made using the original DICOM data from which the 3D virtual head 
model was reconstructed, the condyles were reconstructed from the segmentation 
at the correct position in the 3D virtual head model.
Statistics
Condylar volumes were calculated for each segmented condyle within the three 
groups. The statistical analysis was carried out with IBM SPSS Statistics for Win-
dows (IBM Corp., Armonk, NY, USA). A 2-way random-effects analysis of variance 
(ANOVA) was used to test for errors in the segmentation volume between the three 
groups (VG, SG1 and SG2). The intra-class correlation coefficient (ICC) was calcu-
lated using the volumetric measurements as a measure of conformity between the 
two observers (SG1 and SG2). A 2-way mixed ICC model on absolute agreement 
was used. An ICC < 0.40 was considered as poor, 0.40-0.59 as fair, 0.60-0.74 
as good, and 0.75-1.00 as excellent. A significance level of 0.05 was used for all 
statistical analysis.
Dice coefficients were calculated for the pairs SG1-VG and SG2-VG in order to 
assess the accuracy and reproducibility of the currently proposed segmentation 
protocol. Dice coefficients were also computed between SG1-SG2 to evaluate the 
inter-observer reliability. The formula for calculation of the Dice coefficient is stated 
below. Dice coefficients range from zero to one, with zero indicating a complete 
lack of overlap and one indicating a perfect agreement between the segmentation 
volumes.
Dice =
2 × | A ∩ B|
| A| + |B|
In Maxilim, 3D reconstructions of the segmented condyles were rendered from the 
binary datasets. Distance maps were computed to assess differences between the 
contours of 3D rendered condyles. Distance maps between all observers for the 
segmented condyles (VG-SG1, VG-SG2, SG1-SG2) were generated to determine 
the error margin at the condylar surface induced by differences in the segmentation 
procedure. The median, 90th percentile and range were calculated to summarize the 
surface errors between the three groups.
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The study group consisted of two males and eight females with a mean age of 38.1 
years (range 19 - 58 years). A total of twenty condyles were segmented in each 
group.
A summary of volumetric measurements of the segmented condyles is given in Table 
4.1. No significant statistical differences in condylar volume were found between 
the groups VG, SG1 and SG2 (p=0.96). The mean differences in condylar volume 
was 18 mm³ (1.1 volume-%) between VG and SG1, and 13.4 mm³ (0.8 volume-%) 
between VG and SG2. The mean volumetric difference of condyles between the 
two observers (SG1-SG2) was 31.4 mm³ (1.9 volume-%), resulting in an intra-class 
correlation of 0.97 within the SG group.
An excellent overlap of the segmented condylar surface was found between the 
three groups. The Dice coefficients for the pairs SG1-VG, SG2-VG and SG1-SG2 
were 0.96, 0.96 and 0.98 respectively. The lowest Dice coefficient found in any 
group was 0.94.
The absolute surface errors of 3D rendered condyles were computed from the dis-
tance maps and are summarized in Table 4.2. The average median surface distance 
error induced by the currently proposed condylar segmentation protocol was 0.13 
mm, considerably smaller than the voxel size (0.4 mm) and the clinically relevant er-
ror margin of 1 mm. A visualization of the surface distance errors between a manual 
and semi-automatically segmented condyle is given in Figure 4.3.
Table 4.1 Descriptive statistics of condylar volume.
Group Mean (mm³) SD (mm³) Range (mm³)
Validation group (VG) 1673.9 343.5 [1011.5 – 2374.3]
Segmentation group 1 (SG1) 1691.9 337.0 [1043.2 – 2397.6]
Segmentation group 2 (SG2) 1660.5 316.6 [1095.9 – 2182.9]
Standard deviation (SD)
Table 4.2 Median, 90th percentile and range of surface errors of 3D rendered condyles between the 
three groups (distance map).
Groups Average median (mm) Average 90th percentile (mm)
VG – SG1 0.13 [0.08 - 0.22] 0.39 [0.22 - 1.06]
VG – SG2 0.13 [0.06 - 0.24] 0.37 [0.24 - 0.98]
SG1 – SG2 0.09 [0.05 - 0.21] 0.32 [0.17 - 0.72]
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DISCUSSION
The current study showed that the accuracy and reproducibility of the newly pro-
posed semi-automated segmentation protocol of the condyles based on 3D region 
growing are comparable to the semi-automated segmentation protocols described 
by previous studies (Paniagua et al., 2011; Xi et al., 2013). An excellent inter-
observer reproducibility was found for both the 3D surface based measurements as 
well as for the volumetric measurements.
The major benefit of the current segmentation protocol in comparison to other avail-
able segmentation protocols is the significantly reduced image post processing time 
and improved user friendliness. The average time required to segment the condyle 
is now approximately ten to fifteen minutes, a four to sixfold decrease compared 
to the previous study (Xi et al., 2013). This significant reduction is achieved due to 
data interpolation between the slices, eliminating the necessity for the observer to 
indicate the outline on every single slice, in contrast to the previous study (Xi et al., 
2013). In the current study, the observer only has to indicate a seed point on 8 to 10 
slides in order to generate a primary segmentation of the whole condyle, consisting 
Figure 4.3 A typical 3D distance map of the manually and semi-automatically segmented condyles. 
The green area indicates the surface of the manually segmented condyle whereas the red area in-
dicates the surface of semi-automatically segmented condyle. The colour intensity quantifies the dis-
tance between both surfaces. Only small differences are present between both surfaces.
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of 40 to 60 slides. Moreover, in this study, the newly adopted automated post 
processing steps further reduce the need for manual enhancement after primary 
segmentation. Moreover, no specific (commercial) software package is required to 
perform the segmentation procedure, because the graphical user interface built 
around the segmentation algorithm was exported from Matlab to an executable 
file (.exe-file), which can be run on any computer or even tablets. This is not only 
attractive from a cost-effective point of view, but also improves the accessibility 
of the software, facilitating its implementation in the clinic. In addition, the built-in 
region growing algorithm and the morphological opening functionality have greatly 
reduced the amount of manual interactions and errors by the user in segmenting a 
condyle.
The accuracy and reproducibility of the proposed segmentation process is influ-
enced by random as well as systematic errors. The current study has focused on 
the quantification of the random error, which is largely attributed to the observer-de-
pendent interpretation error of the condylar outline and variances in the operational 
procedure. Several previous studies have investigated the observer dependent 
error. In the study of Paniagua et al. (Paniagua et al., 2011), the condyles were 
segmented manually using the InsightSNAP software. They reported a mean inter-
observer distance error of 0.64 mm and 0.68 mm for the left and right condyles. 
The previous study of Xi et al. (Xi et al., 2013), in which a less semi-automated 
segmentation protocol was used, had shown that the mean inter-observer surface 
error was 0.13 mm. The standard deviation for the volumetric measurements of 
condyles was 14.16 mm³ (0.8 volume-%) using the semi-automated segmentation. 
In comparison to these segmentation protocols, the random error that is associated 
with the currently proposed segmentation protocol is even smaller, well below the 
voxel size of the CBCT scan. This is likely to be the result of the more automated 
nature of the latter segmentation protocol, which has obviously reduced the magni-
tude of the observer related errors.
The systemic error can be defined as the sum of errors resulting from 1) the image 
acquisition, 2) errors yielded by the segmentation algorithm and 3) errors induced 
by 3D reconstruction of the segmentation.
1. All CBCT scans are affected by image acquisition errors. Besides the obvious 
influence of the voxel size, several possible image artifacts hamper the spatial 
resolution in CBCT imaging. Involuntary patient movements during the CBCT 
scan induce motion related deterioration of spatial resolution. Also, the cone-
beam geometry hampers the spatial resolution of the condylar region due to 
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a higher noise in peripheral areas of the CBCT scan (Fourie et al., 2012). Due 
to the effect of cone-beam geometry, the affected voxel will no longer be a 
representative of an anatomic boundary, but rather a weighted average of the 
involved structures. This unwanted homogeneity of voxel intensities deteriorates 
the local spatial resolution and blurs the boundaries between different tissue 
types, making the segmentation process particularly difficult in the condylar 
region. By positioning patients in their natural head position, the condyles are in 
fact positioned adjacent to the horizontal plane of the beam, which reduces the 
effect of cone-beam geometry (Scarfe and Farman, 2008).
2. The built-in morphological opening functionality of the segmentation algorithm 
may induce systematic errors during condylar segmentation. The intended result 
of this morphological operation is the separation of two connected objects by 
the automatic removal of small connections between the condyle and glenoid 
fossa. However, some of the voxels along the condylar outline may be lost in 
this process. As only small connections were present at the condylar surface, 
the opening process could be performed with a small structuring element. This 
ascertained that only a very small number of voxels in regard to the total condylar 
volume were involved in the opening process, making the amount of lost voxels 
negligible.
3. The 3D reconstruction algorithm in Maxilim smoothens the segmentation result, 
after which the observer chooses a threshold to calculate the 3D reconstruction. 
The smoothing algorithm could also induce systematic errors to the shape of 
the segmentation. On the other hand, the smoothed shape will more closely 
represent the actual shape of the condyle than the “voxelized” segmentation 
result. By exporting all binary segmentations and reconstructing them with the 
same threshold, the effect of this systematic error on the results was minimized.
The gold standard used to validate the currently proposed segmentation protocol 
is manual segmentation. Bearing the possible errors induced by image acquisition 
in mind, manual segmentation will not be a perfect representation of the “true” 
shape the observer is trying to segment. Ideally, the morphology of the segmented 
condyles should directly be measured, for instance with laser surface scanning 
(Fourie et al., 2012). While this is not possible in living patients, it can be applied 
to cadaveric heads in order to obtain a better ground truth measurement. When a 
better ground truth measurement is acquired, better quantification of the systemic 
errors of the segmentation methods will be possible.
Due to the significantly reduced computing time, the excellent reproducibility and 
the increased user friendliness of the software, the currently proposed approach for 
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the 3D rendering of condyles can be readily introduced into a clinical setting. The 
segmentation method allows accurate 3D evaluation of the effects of orthognathic 
surgery on the condyle (figure 4.4). Volumetric changes as well as changes in shape 
over time can now be assessed in 3D, distinguishing PCR from physiological con-
dylar remodelling in an early stage. By the voxel-based superimposition of 3D virtual 
head models, changes in condylar position (condylar seating) during the course of 
the combined orthodontic and orthognathic treatment can be evaluated. This com-
plete assessment of the condylar morphology and condylar position in orthognathic 
surgery will provide sound recommendations to carry out risk assessment for PCR 
and to indicate further medical interventions to reduce and possibly counteract the 
unwanted postoperative relapse.
In addition, the currently proposed segmentation protocol can be placed into a 
broader perspective beyond the field of condylar pathology. The current segmenta-
tion protocol can be applied to segment different tissue types, ranging from denti-
tion to soft tissues, by defining a tissue specific seed point accordingly to start the 
Figure 4.4 The 3D reconstruction of semi-automatically segmented condyle (red), and its integration 
into the original 3D virtual head model of Figure 4.1. Condylar measurements can be carried out using 
this integrated model.
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segmentation process. Many anatomic regions of the maxillofacial complex (i.e. 
maxilla and airway) as well as the results of surgical interventions (i.e. bone grafts) 
can be segmented and rendered in 3D using the currently developed segmentation 
protocol. Clinical assessment will thus be possible for these structures of interest, 
yielding a better understanding of the underlying anatomy and providing a quantifi-
cation of the possible pathology.
In conclusion, the currently proposed segmentation protocol for the 3D rendering of 
condyles showed an excellent inter-observer similarity, a drastically reduced com-
puting time and increased user friendliness. The clinical application of this method 
enables a full 3D follow-up of condylar morphology after orthognathic surgery. The 
currently proposed segmentation protocol has the potential to be applied to seg-
ment different tissue types in various anatomic regions using CBCT datasets.
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Chapter 5
3D analysis of condylar remodelling and 
skeletal relapse following bilateral sagittal 
split advancement osteotomies
ABSTrACT
A major concern in mandibular advancement surgery using bilateral sagittal split 
osteotomies (BSSO) is potential postoperative relapse. Although the role of postop-
erative changes in condylar morphology on skeletal relapse was reported in previous 
studies, no study so far had objectified the precise changes of the condylar volume. 
The aim of the present study was to quantify the postoperative volume changes of 
condyles and its role on skeletal stability following BSSO mandibular advancement 
surgery. 56 patients with mandibular hypoplasia who underwent BSSO advance-
ment surgery were prospectively enrolled into the study. A CBCT scan was acquired 
preoperatively, at one week postoperatively and at one year postoperatively. After 
the segmentation of the facial skeleton and condyles, 3D cephalometry and con-
dylar volume analysis were performed. The mean mandibular advancement was 
4.6 mm and the mean postoperative relapse was 0.71 mm. Of 112 condyles, 55% 
showed a postoperative decrease in condylar volume, with a mean reduction of 105 
mm³ (6.1% of the original condylar volume). The magnitude of condylar remodelling 
(CR) was significantly correlated with skeletal relapse (p=0.003). Patients with a CR 
greater than 17% of the original condylar volume exhibited relapse as seen in pro-
gressive condylar resorption (PCR). Female patients with a high mandibular angle 
who exhibited postoperative CR were particularly at risk for postoperative relapse. 
Gender, preoperative condylar volume and downward displacement of pogonion 
at surgery were prognostic factors for CR (r²=21%). It could be concluded that 
the condylar volume can be applied as a useful 3D radiographic parameter for the 
diagnosis and follow-up of postoperative skeletal relapse and PCR.
Tong Xi, Ruud Schreurs, Bram van Loon, Martien de Koning, Stefaan Bergé, Theo 
Hoppenreijs, Thomas Maal
Journal of Cranio-Maxillo-Facial Surgery. 2015; 43(4):462-8.
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INTrODUCTION
Bilateral sagittal split osteotomy (BSSO) is the most frequently used orthognathic 
surgical procedure to correct mandibular hypoplasia (skeletal Class II deformity). A 
major concern in the surgical advancement of the mandible is the potential post-
operative relapse (Borstlap et al., 2004; Chen et al., 2013). Postoperative skeletal 
relapse is affected by bone movements at the osteotomy sites as well as by changes 
in the position and morphology of the condyles. Since the amount of skeletal relapse 
at the osteotomy sites was significantly reduced by the application of rigid fixation 
techniques, the influence of the condyles on the postoperative relapse has become 
more and more the focus of clinical research (Joss and Vassalli, 2009).
Previous studies reported that early postoperative skeletal relapse (< 6 months 
after surgery) is often associated with malposition of one or both condyles during 
surgery, causing condylar sag and subsequent unfavourable displacement of the 
mandible (Mobarak et al., 2001; Joss and Vassalli, 2009; Kim et al., 2014). Late 
postoperative relapse (> 12 months after surgery), however, is often related to mor-
phologic changes of the condyles, also known as progressive condylar resorption 
(PCR) (Hoppenreijs et al., 1999; Mobarak et al., 2001; Joss and Vassalli, 2009; 
Hoppenreijs et al., 2013).
In cases where the altered mechanical load, during or after the surgical procedure, 
exceeds the intrinsic adaptive capability of one or both temporomandibular joints, 
some morphologic postoperative changes of the condyles may occur. According 
to their magnitude and rate of progression, the morphologic changes of the con-
dyles can be defined as physiologic condylar remodelling (CR) or pathologic PCR 
(Scheerlinck et al., 1994; Arnett et al., 1996; Hoppenreijs et al., 1999). Radiographic 
assessment is required to quantify these condylar changes.
The use of cone-beam computer tomography (CBCT) in the treatment planning and 
postoperative follow-up of orthognathic patients has provided the surgeons with a 
new three-dimensional (3D) imaging modality to evaluate the postoperative skeletal 
relapse and postoperative morphologic changes of the condyles. Skeletal relapse, 
as well as positional and dimensional changes of the condyles can be quantified in 
three dimensions (Chen et al., 2013; Kim et al., 2014). The application of a validated 
3D condylar segmentation technique allows accurate volumetric measurements of 
condyles (Paniagua et al., 2011; Xi et al., 2013). The potential to be able to quantify 
the volumetric changes of condyles in the postoperative follow-up may facilitate the 
clinicians to identify CR and PCR, as well as the associated skeletal relapse.
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The aims of this study were to quantify the postoperative volume changes of 
condyles in a three-dimensional way, to assess the postoperative skeletal relapse, 
and to identify the role of condylar changes on skeletal stability following BSSO 
mandibular advancement surgery.
MATErIAL & METHODS
Patients
All patients were treated with a BSSO mandibular advancement surgery between 
2007 and 2011 at the Department of Oral and Maxillofacial Surgery in Radboud 
University Nijmegen Medical Centre. The inclusion criteria were non-syndromic 
mandibular hypoplasia, minimum age of 16 years and availability of pre- and post-
operative CBCT scans. The exclusion criteria were previous orthognathic surgery, 
simultaneously performed other orthognathic procedures (e.g. Le Fort I osteotomy, 
genioplasty), buccal plate fracture during surgery and severe facial asymmetry.
Surgical technique
All surgeries were performed under general anaesthesia with nasotracheal intuba-
tion. A BSSO mandibular advancement surgery according to the Hunsuck modifi-
cation was performed (Hunsuck, 1968). After the completion of the osteotomies, 
the distal segment of the mandible was placed in the planned position using the 
prefabricated interocclusal splint and stabilized with intermaxillary fixation (IMF). The 
proximal segments were gently pushed backward and upward to seat the condyles 
in the glenoid fossa. The mandibular segments were fixed with two titanium mini-
plates (one on each side) and monocortical screws (Champy 2.0 mm, KLS Martin, 
Tuttlingen, Germany). After the release of IMF, the final occlusion was checked. 
Depending on the stability of the occlusion, the interocclusal splint was left in place 
and tight elastics were used in the first week after surgery. Class II guiding elastics 
were used after the first week, in conjunction with the postoperative orthodontic 
treatment.
3D cephalometry and measurements
CBCT scans were acquired for each patient on the following occasions: one to four 
weeks prior to surgery (Tpre), one week after surgery (T1wk), and one year after sur-
gery (T1yr). Patients were scanned while seated in a natural head position, using a 
standard CBCT scanning protocol (field of view: 22 x 16 cm; scan time: 40 seconds; 
voxel size 0.4 mm; i-CAT, 3D Imaging System, Imaging Sciences International Inc, 
Hatfield, PA, USA). CBCT data were exported in a DICOM format and rendered to 
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3D models of the facial skeleton using Maxilim® software (Medicim NV, Mechelen, 
Belgium).
A 3D cephalometric reference frame was set up for the 3D model of a patient at Tpre 
according to the validated procedure of Swennen et al (Swennen et al., 2006). The 
3D models of T1wk and T1yr were superimposed on the Tpre 3D model using voxel-
based registration on the unaltered subvolume of the anterior cranial base, forehead 
and zygomatic arches (Nada et al., 2011). 3D cephalometric landmarks were 
identified for the 3D cephalometric hard tissue analysis (Swennen and Schutyser, 
2006). Cephalometric measurements were performed to analyse the actual surgical 
displacement of mandibular segments, and to assess the postoperative skeletal 
relapse (table 5.1).
Table 5.1 Definitions of the 3D cephalometric landmarks and measurements.
Landmarks Definition Bilateral
A-point (A) The point of maximum concavity in the midline of the alveolar 
process of the maxilla.
C-point (C) The most caudal point of the sigmoid notch. X
Condor (Con) The most posterior point of the mandibular ramus intersecting the 
C-plane.
X
Gonion (Go) The most caudal and most posterior point of the mandibular angle. X
Mean gonion (Gomean) A computed landmark based on the projection of left and right 
gonion on the median plane.
Menton (Men) The most inferior midpoint of the chin on the outline of the 
mandibular symphysis.
Nasion (N) The midpoint of the frontonasal suture.
Pogonion (Pog) The most anterior midpoint of the chin.
Sella (S) The center of the hypophyseal fossa (sella turcica).
Measurement Definition Bilateral
Gonial angle The angle between the landmarks condor, gonion and menton. X
Intergonial distance The distance between the landmarks left and right gonion.
Mandibular plane angle The angle between the SN-line and the mandibular plane.
Occlusal plane angle The angle between the SN-line and the occlusal plane.
S-Gomean The distance between the landmarks sella and mean gonion along 
the vertical plane.
SNA angle The angle between the landmarks sella, nasion and A-point 
projected on the median plane.
SNPog angle The angle between the landmarks sella, nasion and pogonion 
projected on the median plane.
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A semi-automated CBCT condylar segmentation protocol was applied to segment 
and render the condyles accurately (Xi et al., 2013). The 3D rendered condyles were 
then loaded into the original 3D head models. A plane that goes through the C-point 
(the most caudal point of the sigmoid notch) and runs parallel to the Frankfurter 
plane (C-plane) was constructed in Maxilim. The part of the condylar process situ-
ated cranially to the C-plane was defined as the condylar volume, and its volume 
was measured at Tpre and T1yr (figure 5.1).
Statistical analysis
Statistical data analysis was carried out with the IBM SPSS software programme, 
version 20.0 for Windows (IBM Corp., Armonk, NY, USA). 12 variables of cepha-
lometric measurements were selected and analysed over three time intervals to 
quantify the surgical displacements (Tpre − T1wk) and postoperative skeletal relapse 
(T1wk − T1yr ). 28 patients with the lowest preoperative mandibular plane angle (mean 
27.9°; SD 3.18°; range 18.9° to 31.2°) and 28 patients with the highest preopera-
tive mandibular plane angle (mean 38.7°; SD 5.64°; range 31.8° to 53.0°) formed 
respectively the low-angle and high-angle group. Analyses of variance (ANOVA) was 
used to test for differences in skeletal relapse and condylar volume changes be-
tween the groups with correction for possible confounding factors at the 5% level of 
significance (p ≤ 0.05). Univariate and multivariate regression analysis were applied 
to identify the prognostic factors for postoperative changes in condylar volume.
Figure 5.1 The C-plane, defined as a plane that runs parallel to the Frankfurt plane through the C-
point, is visualized in the left picture. The magnification on the right shows the C-point (yellow) and the 
superimposition of 3D rendered preoperative (white) and postoperative (purple) condyles. The part 
of the condylar process that is located cranially to the C-plane is defined as the condylar volume. A 
postoperative reduction in condylar size (volume) is clearly visible.
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rESULTS
The study population consisted of 56 patients, 39 female (69.6%) and 17 male 
(30.5%). Their characteristics are described in table 5.2. No statistically significant 
difference in age was found between male and female (p=0.42). 112 splits of the 
mandibular ramus were performed.
Skeletal movements and postoperative relapse
The mean changes in cephalometric measurements as the immediate result of the 
BSSO advancement surgery and the postoperative skeletal relapse for all patients 
are presented in table 5.3. The mean surgical advancement at pogonion was 4.59 
mm ± 3.43 mm. Pogonion showed a downward movement of 3.62 mm ± 2.10 mm 
direct postoperatively. A statistically significant postoperative relapse (p<0.05) at 
pogonion was found both in the horizontal (0.71 mm) and vertical direction (0.81 
mm), respectively 15% and 23% of the surgical displacement. The mandibular 
plane angle decreased by 0.58° following surgery (p<0.05). However, the mandibu-
lar plane displayed a tendency to increase (1.1° ± 1.72°) in the follow-up period 
(p<0.05). Flaring of the proximal segment was measured at the mandibular angles. 
The intergonial distance increased immediately after surgery (6.35 mm ± 3.06 mm), 
but decreased significantly in the first year after surgery (2.91 mm ± 2.28 mm). The 
gonial angle was increased by 2° in the postoperative follow-up.
No significant correlation was found between the postoperative skeletal relapse at 
pogonion, and the lingual split pattern and gender, both in the horizontal (p=0.07, 
p=0.30) and vertical direction (p=0.07, p=0.91). However, the high-angle patients 
displayed significantly more skeletal relapse than low-angle patients. The mean 
relapse at pogonion in the horizontal direction was 1.24 mm in the high-angle group 
and 0.20 mm in the low-angle group (p=0.005).
Condylar volume changes & Postoperative skeletal changes
The mean preoperative and postoperative condylar volumes were 1728 mm³ (SD 
496 mm³; range 532–2844 mm³) and 1703 mm³ (SD 552 mm³; range 494–2822 
mm³) respectively. Of 112 condyles, 62 condyles (55%) showed a postoperative 
Table 5.2 Age and gender distribution within the study population.
Total population
(n = 56)
Male
(n = 17)
Female
(n = 39)
P-value
Age (years) Mean (SD) 30.2 (12,5) 28.2 (14.4) 31.1 (11.7) 0.42
Range 15 - 54 16 - 54 15 - 54
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reduction in condylar volume, with a mean reduction of 105 mm³ (SD 92 mm³; 
range 2-428 mm³). This reduction in condylar volume was statistically significant 
(p<0.001; 95%-CI: 81-127mm³). Of a total of 56 patients, 14 patients (25%) dem-
onstrated a postoperative horizontal relapse of more than 2 mm at pogonion. The 
mean decrease in condylar volume among these patients was 72,5 mm³, against 
8.4 mm³ for the rest of the patients (p=0.013). The magnitude of postoperative CR 
was correlated with skeletal relapse (Pearson’s r = 0.23, p=0.003).
The condyles that decreased in volume (CR group) were further divided into three 
subgroups (CRm, CR1SD and CR2SD groups) according to the magnitude of the volume 
reduction. The mean postoperative skeletal relapse within each group is summerised 
in table 5.4. The amount of the skeletal relapse increased significantly in patients 
who experienced more condylar resorption. The decrease in condylar volume was 
associated with an increase in skeletal relapse at pogonion, a decrease in posterior 
facial height (S-Gomean) and an increase in mandibular plane angle. Postoperative flar-
ing at gonion and an increase in gonial angle were not associated with a decrease in 
condylar volume. It is worth to note that in the CR2SD group, an increase in the anterior 
facial height in combination with a decrease in posterior facial height was observed.
Table 5.3 Changes (mm or degree) in cephalometric variables among 56 mandibular advancement 
patients attributed to surgery and postoperative relapse.
Variable Surgical displacement Postoperative relapse
Mean SD Range Mean SD Range
Horizontal (mm) A  0.16* 0.79 -2.2 – 2.4 - 0.18* 0.77 -2.0 – 2.0
Pog  4.59* 3.43 -4.7 – 14.4 - 0.71* 2.04 -3.4 – 6.1
Vertical (mm) A  0.11 1.54 -2.4 – 4.3 - 0.02 1.30 -2.3 – 2.7
Pog  3.62* 2.10 -1.2 – 8.7 - 0.81* 1.82 -2.6 – 4.5
Go  0.11 1.58 -5.3 – 3.5 - 1.68* 1.59 -1.0 – 5.5
Transverse (mm) C-point  1.65* 1.35 -1.7 – 4.9 - 0.76* 0.88 -1.4 – 3.1
Go  6.35* 3.06 -0.6 – 13.1 - 2.91* 2.28 -1.8 – 8.9
Angle (°) SNA - 0.01 0.83 -2.6 – 1.5 - 0.21* 0.82 -1.4 – 2.3
SNPog  2.81* 1.63 -0.1 – 8.1 - 0.49* 1.06 -1.8 – 3.2
Mandibular plane - 0.58* 2.26 -5.1 – 4.7  1.10* 1.72 -2.2 – 6.0
Occlusal plane - 0.07 2.20 -5.4 – 6.3  1.44* 2.12 -2.2 – 8.6
Gonial angle - 0.13 2.69 -7.9 – 6.0  2.01* 2.42 -2.3 – 11.3
* Significant at the 5% level (P < 0.05). Horizontal changes: positive value indicates anterior displace-
ment, negative value indicates posterior displacement. Vertical changes: positive value indicates infe-
rior displacement, negative value indicates superior displacement. Transverse changes: positive value 
indicates transverse widening, negative value indicates transverse narrowing. Surgical displacement: 
difference between Tpre and T1wk. Postoperative relapse: difference between T1wk and T1yr. The direction 
of the relapse opposes the direction of surgical displacement in all cases.
Page | 74
Ta
b
le
 5
.4
 M
ea
n 
po
st
op
er
at
iv
e 
sk
el
et
al
 c
ha
ng
es
 in
 t
he
 C
R
, C
R
m
, C
R
1S
D
 a
nd
 C
R
2S
D
 g
ro
up
s.
Va
ria
bl
es
C
R
 g
ro
up
 (n
=
62
)
C
R
m
 G
ro
up
 (n
=
22
)
C
R
 1
S
D
 G
ro
up
 (n
=
10
)
C
R
2S
D
 G
ro
up
 (n
=
4)
M
ea
n 
(S
D
)
P
-v
al
ue
M
ea
n 
(S
D
)
P
-v
al
ue
M
ea
n 
(S
D
)
P
-v
al
ue
M
ea
n 
(S
D
)
P
-v
al
ue
R
el
ap
se
 a
t 
P
og
ho
riz
on
ta
l (
m
m
)
0.
90
 (2
.0
0)
0.
30
1.
82
 (2
.7
3)
0.
00
4*
 2
.6
1 
(3
.2
0)
0.
00
2*
 5
.1
8 
(1
.5
9)
<
0.
00
1*
ve
rt
ic
al
 (m
m
)
0.
72
 (1
,7
6)
0.
53
0.
76
 (1
.9
4)
0.
88
- 0
.2
4 
(1
.4
3)
0.
05
4
- 0
.9
5 
(1
.9
1)
0.
04
7*
In
te
rg
on
ia
l d
is
ta
nc
e 
(m
m
)
2.
63
 (2
.3
5)
0.
15
3.
07
 (2
.6
0)
0.
71
 2
.8
7 
(2
.7
0)
0.
95
 3
.5
0 
(3
.2
3)
0.
60
S
-G
o m
ea
n 
(m
m
)
1.
99
 (1
.7
3)
0.
02
*
2.
77
 (1
.8
8)
<
0.
00
1*
 2
.7
5 
(1
.7
7)
0.
02
*
 4
.1
5 
(0
.6
6)
0.
00
1*
S
N
-P
og
 (°
)
0.
64
 (1
.0
6)
0.
08
*
1.
12
 (1
.4
0)
0.
00
1*
 1
.5
1 
(1
.5
1)
0.
00
1*
 2
.6
5 
(0
.7
1)
<
0.
00
1*
M
an
di
bu
la
r 
pl
an
e 
(°
)
1.
35
 (1
.7
7)
0.
06
*
2.
00
 (2
.1
7)
0.
00
4*
 2
.8
0 
(2
.6
5)
0.
00
1*
 4
.8
0 
(1
.7
5)
<
0.
00
1*
O
cc
lu
sa
l p
la
ne
 (°
)
1.
75
 (2
.3
2)
0.
08
*
2.
72
 (3
.0
1)
0.
00
1*
 2
.5
1 
(2
.2
9)
0.
09
4
 4
.2
8 
(1
.3
3)
0.
00
6*
G
on
ia
l a
ng
le
 (°
)
1.
82
 (2
.6
8)
0.
37
2.
33
 (3
.0
9)
0.
49
 1
.5
2 
(1
.9
6)
0.
50
 1
.9
8 
(1
.8
8)
0.
98
C
R
 g
ro
up
: c
on
dy
le
s 
w
ith
 a
 d
ec
re
as
e 
in
 c
on
dy
la
r v
ol
um
e 
>
 0
 m
m
³.
 C
R
m
 g
ro
up
: c
on
dy
le
s 
w
ith
 a
 d
ec
re
as
e 
in
 c
on
dy
la
r v
ol
um
e 
>
 1
05
 m
m
³ 
(m
ea
n 
de
cr
ea
se
). 
C
R
1S
D
 
gr
ou
p:
 c
on
dy
le
s 
w
ith
 a
 d
ec
re
as
e 
in
 c
on
dy
la
r 
vo
lu
m
e 
>
 1
97
 m
m
³ 
(m
ea
n 
+
 1
 s
ta
nd
ar
d 
de
vi
at
io
n)
. 
C
R
2S
D
 g
ro
up
: 
co
nd
yl
es
 w
ith
 a
 d
ec
re
as
e 
in
 c
on
dy
la
r 
vo
lu
m
e 
>
 
28
9 
m
m
³ 
(m
ea
n 
+
 2
 s
ta
nd
ar
d 
de
vi
at
io
ns
). 
A
 t
w
o-
w
ay
 A
N
O
VA
 w
as
 u
se
d 
to
 c
al
cu
la
te
 t
he
 P
-v
al
ue
s.
 *
 P
<
0.
05
.
Page | 75
Chapter 5 | 3D analysis of condylar remodelling and skeletal relapse
5
Condylar volume changes & Gender
The mean preoperative condylar volume for female and male patients were 1631 
mm³ and 1952 mm³ respectively (p=0.001). Among female patients, 63% of con-
dyles decreased in volume postoperatively, against 35% among male patients. 
Postoperatively, the mean reduction in condylar volume was significantly higher 
among female patients in comparison to male patients (mean difference=81.2 mm³; 
SD=125.7 mm³; p=0.001). Gender did not affect the amount of skeletal relapse 
among patients whose condylar volume stayed stable after surgery. However, in 
patients who exhibited CR after surgery, significantly more relapse at pogonion and 
of mandibular plane angle occurred in female patients (table 5.5).
Condylar volume changes & low-angle/high-angle patients
Patients in the low-angle group had preoperatively significantly larger condyles than 
in the high-angle group (mean difference of 302 mm³, p=0.001). In comparison 
to the high-angle group, less condyles displayed a postoperative decrease in 
volume among patients with a low mandibular angle (<31,5°) (table 5.6 and 5.7). 
The high-angle group also exhibited more decrease in condylar volume than the 
low-angle group (+50.3 mm³, p=0.031). Among the patients whose postoperative 
condylar volume was unchanged, no significant differences were noticed in skeletal 
relapse between the low-angle and high-angle groups. However, among patients 
who displayed a postoperative decrease in condylar volume, the high-angle group 
had significantly more skeletal relapse in SN-Pog and at pogonion (in the horizontal 
direction) compared to the low-angle group (p<0.05).
Table 5.5 Mean postoperative skeletal relapse (mm and degrees) among male and female patients 
with and without a decrease in postoperative condylar volume.
Mean postoperative 
skeletal relapse
Patients with no postoperative 
decrease in condylar volume
Patients with a postoperative 
decrease in condylar volume
Male Female P value  Male Female P value
SN-Pog (°) 0.22 0.35 0.67  0.03 0.80 0.018*
Pog horizontal (mm) 0.39 0.56 0.77 - 0.12 1.17 0.038*
Pog vertical (mm) 0.80 1.03 0.67  0.76 0.70 0.92
S-Gomean (mm) 0.87 1.57 0.061  0.87 2.29 0.007*
Mandibular plane (°) 0.37 0.99 0.17  0.15 1.67 0.005*
Occlusal plane(°) 0.94 1.14 0.70  0.50 2.08 0.028*
Gonial angle (°) 2.30 2.20 0.86  0.80 2.10 0.12
* P<0.05
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Prediction of condylar remodelling
Univariate regression analysis was applied to explain the postoperative decrease in 
condylar volume from a list of prognostic factors (table 5.8). The highest explained 
variance was 11% (preoperative condylar volume). The age of patient at surgery, lin-
gual split pattern, flaring of mandibular angle and the vertical postoperative relapse 
at pogonion were poor prognostic factors. Multivariate regression analysis involving 
all variables from table 5.8 gave an explained variance of 21% (adjusted r²), indicat-
ing that the preoperative condylar volume, gender and downward displacement of 
pogonion during surgery were the most important prognostic factors.
Table 5.7 Mean postoperative skeletal relapse (mm and degrees) in the low-angle and high-angle 
groups among patients with and without a decrease in postoperative condylar volume.
Mean postoperative 
skeletal relapse
Patients with no postoperative 
decrease in condylar volume
Patients with a postoperative 
decrease in condylar volume
Low-angle 
group
High-angle 
group
P value Low-angle 
group
High-angle 
group
P value
SN-Pog (°) 0.16 0.46 0.32 0.29 0.93 0.017*
Pog horizontal (mm) 0.20 0.86 0.27 0.17 1.50 0.009*
Pog vertical (mm) 1.08 0.75 0.55 0.98 0.50 0.29
S-Gomean (mm) 1.42 1.10 0.40 1.66 2.26 0.18
Mandibular plane (°) 0.58 0.92 0.47 1.03 1.62 0.20
Occlusal plane(°) 1.23 0.83 0.44 1.15 2.24 0.064
Gonial angle (°) 1.83 2.78 0.11 2.44 1.32 0.10
Decrease in condylar 
volume (mm³)
74.6 74.8 0.99 76.8 127.1 0.031*
Low-angle group: mandibular plane angle < 31.5°. High-angle group: mandibular plane angle > 31.5°. 
* P<0.05
Table 5.6 Number of condyles in the CR, CRm, CR1SD and CR2SD groups among patients with a low 
mandibular angle (<31,5°) and patients with a high mandibular angle (>31.5°).
Low-angle Group High-angle Group
CR group (n) 28 34
CRm group (n) 7 15
CR1SD Group (n) 1 9
CR2SD Group (n) 0 4
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DISCUSSION
Morphological changes of the condyles are observed frequently following the surgi-
cal advancement of the mandible (Arnett et al., 1996; Hoppenreijs et al., 1999; 
Borstlap et al., 2004; Motta et al., 2011; Kobayashi et al., 2012; Franco et al., 
2013; Hoppenreijs et al., 2013). In contrast to the self-limiting physiological CR, 
PCR is characterized by severe morphological changes of the condylar shape, 
a reduction of condylar volume and postoperative skeletal relapse (Chen et al., 
2013; Hoppenreijs et al., 2013; Xi et al., 2013). Although many previous studies 
have characterised the extent of PCR following mandibular advancement surgery, 
none of them have objectified the reduction in condylar volume and its relationship 
with postoperative skeletal relapse. To the knowledge of the authors, the present 
study is the first that has quantified the postoperative changes in condylar volume 
in a three-dimensional way and investigated the influences of these changes on 
postoperative skeletal relapse.
The strength of the current study is the application of CBCT scans to quantify 
the 3D postoperative changes of the facial skeleton and condylar volume, and the 
use of a validated methodology to measure condylar volume. The major advantage 
of CBCT compared to conventional radiographs (orthopantomography and lateral 
cephalogrammetry) is the possibility to render 3D head models, allowing linear, an-
Table 5.8 Prognostic value of different variables in predicting condylar remodelling using univariate 
regression analyses.
Variable
Univariate regression
Explained variance* P-value
Gender (male/female) 8% <0.001
Age (years) 0% 0.33
Lingual split pattern (LSS) 0% 0.96
Flaring at Go (mm) 0% 0.66
Preoperative condylar volume (mm³) 11% <0.001
Mandibular plane angle (°) 2% 0.10
SN-Pog displacement (°) 6% 0.005
SN-Pog relapse (°) 7% 0.003
Pog displacement horizontal (mm) 8% <0.001
vertical (mm) 6% 0.005
Pog relapse horizontal (mm) 5% 0.008
vertical (mm) 1% 0.27
* Explained variance = adjusted R².
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gular and volumetric measurements of the facial skeleton (Hoppenreijs et al., 1999; 
Plooij et al., 2009). In the present study, all cephalometric landmarks were identified 
by an experienced observer using the validated protocol described by Swennen et 
al. with reported intra-observer and inter-observer error of respectively 0.88 mm 
and 1.26 mm (Swennen et al., 2006). Cephalometric landmarks with poor reliability 
such as condylion, the position of which could be affected by condylar resorption, 
were therefore excluded in this study (de Oliveira et al., 2009).
The total measurement error for cephalometric measurements could be regarded 
as the sum of errors caused by the superimposition of CBCT scans and the not fully 
automatised identification of 3D cephalometric landmarks. The absolute mean dis-
tance error induced by the voxel based registration ranged from 0.05 to 0.12 mm, 
which is clinically neglectable (Nada et al., 2011; Almukhtar et al., 2014). As far as 
the measurement error of condylar volume was concerned, the mean intra-observer 
and inter-observer variations in the condylar volume were respectively 8.62 mm³ 
and 6.13 mm³ (de Oliveira et al., 2009). Regarding a mean postoperative condylar 
resorption of 105 mm³, it was unlikely that this relatively small measurement error in 
condylar volume would have influenced the results significantly.
In literature, large surgical advancements, female gender and a high mandibular 
plane angle are associated with a higher incidence of PCR (Scheerlinck et al., 1994; 
Arnett et al., 1996; Hoppenreijs et al., 1999; Borstlap et al., 2004; Kobayashi et 
al., 2012). The mean mandibular advancement of 4.6 mm for the 56 patients is 
comparable to previous studies on BSSO advancement with rigid fixation (Mobarak 
et al., 2001; Eggensperger et al., 2006; Joss and Thuer, 2008; Nada et al., 2011; 
den Besten et al., 2013; Hoppenreijs et al., 2013). A mean postoperative relapse 
of 0.71 mm (15.5% of the surgical advancement) is in the middle range of the 
previously reported figures. No relationship was observed between the amount of 
advancement and skeletal relapse as demonstrated in previous studies (Borstlap 
et al., 2004; Joss and Thuer, 2008; Joss and Vassalli, 2009), probably due to the 
relatively mild mandibular advancement. Patients with a clinical significant relapse of 
more than 2 mm experienced significantly more decrease in condylar volume than 
those with a relapse less than 2 mm. This finding underlined a correlation between 
postoperative skeletal relapse and a decrease in postoperative condylar volume.
A reduction in the postoperative condylar volume may be classified as functional 
CR or as dysfunctional and pathological PCR (Joss and Vassalli, 2009). Although 
the cephalometric changes associated with CR and PRC were evaluated in many 
previous studies (Hoppenreijs et al., 1999; Swennen and Schutyser, 2006; Joss and 
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Vassalli, 2009; Xi et al., 2013), it is unclear to what extent the condyle had to resorb 
until it could be categorised as PCR. The descriptive diagnose PCR in previous 
studies is based on significant reduction in volume of the condyle, reduction of the 
mandibular ramus height and clinical relapse (Hoppenreijs et al., 1999). Data from 
table 5.4 proved that when the reduction in condylar volume exceeded 17% of the 
preoperative condylar volume, a significant relapse was noticed in the horizontal 
as well as vertical direction. Only in this small group, the anterior facial height in-
creased, indicating the onset of an anterior open bite, while the posterior facial 
height decreased, suggesting a reduction in the condylar and/or ramus height, both 
of which were indicative for PCR (Swennen and Schutyser, 2006; Joss and Vassalli, 
2009; Nada et al., 2011; Kobayashi et al., 2012). A postoperative CR of more than 
17% of the original condylar volume could therefore be indicative for PCR. However, 
the number of patients with PCR in the current study might be too small to be able 
to establish a reliable new radiological parameter to distinguish PCR from CR in 
terms of condylar volume.
The incidence of PCR in the present study is 3.6%. This finding is in line with the 
reported incidence of 4% reported by Borstlap et al. in their prospective, multi-center 
study involving patients who had undergone BSSO mandibular advancement (Borst-
lap et al., 2004). It needs to be noted that although most of the PCR were expected to 
initiate during the first year after surgery, late PCR is possible after the first year (Arnett 
et al., 1996; Hoppenreijs et al., 2013). Therefore, future prospective clinical studies on 
PCR with a larger population and longer follow-up period are recommended.
A strong female predilection for condylar resorption was found in several studies 
(Arnett et al., 1996; Hoppenreijs et al., 1999; Gunson et al., 2012). There is evi-
dence suggesting that sex hormone, 17β-estradiol, has a regulatory effect on bone 
metabolism in the temporomandibular joint (Hajati et al., 2009; Gunson et al., 2012). 
The results of this study confirmed the female preponderance for postoperative 
condylar resorption following orthognathic surgery. A higher percentage of female 
patients exhibited CR than male patients and the reduction in condylar volume is 
significantly larger among female patients. In addition, the preoperative condylar 
volume of female patients was found to be significantly lower than that of male 
patients, as reported by Saccucci et al. (Saccucci et al., 2012), which underlined 
an unfavourable baseline for female patients even before surgery. The question 
now arises how the postoperative relapse was influenced by gender. Although no 
statistically significant differences were found between female and male concerning 
skeletal relapse, table 5.5 shows that the postoperative relapse was significantly 
higher in female patients, only among those who exhibited postoperative CR. So it 
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is unlikely that the female gender was the causal factor for postoperative relapse, 
but in combination with postoperative CR, it has certainly influenced the postopera-
tive skeletal stability negatively.
The influence of the mandibular plane angle on postoperative relapse has been 
reported in several studies (Hoppenreijs et al., 1999; Mobarak et al., 2001; Borstlap 
et al., 2004; Eggensperger et al., 2006). The results from the present study also 
favoured the low-angle group, who showed significant less postoperative relapse 
than the high-angle group (0.20 mm vs. 1.24 mm). After examining the data more 
closely in table 5.6, it was evident that the postoperative relapse only differed 
between the high-angle and low-angle patients among those who experienced a 
postoperative reduction in condylar volume. The mandibular angle did not seem to 
affect relapse in patients with a stable condyle. Because the high-angle patients had 
smaller condyles than low-angle patients, and also that the preoperative condylar 
volume was a prognostic factor for postoperative condylar resorption, the high-
angle patients were more susceptible to CR and thus might display more skeletal 
relapse. This interesting finding suggests that a significant reduction in condylar 
volume could be a causal factor for postoperative skeletal relapse, whereas the 
mandibular plane angle is merely an effect modification factor among those who 
exhibit postoperative relapse.
Arnett et al. suggested that the torque on the proximal segments and subsequent 
compression on the condyles induced by the advancement of the distal segment 
and rigid fixation created the possibility for late condylar resorption and skeletal 
relapse (Arnett et al., 1996). Although the intergonial distance was increased by 
6.35 mm immediately after surgery, in the same range as reported by Becktor et 
al. (Becktor et al., 2002; Becktor et al., 2008), the postoperative condylar volume, 
however, was not influenced by flaring at the mandibular angles. Franco et al. 
demonstrated in their 3D study that the greatest bone remodelling in the condylar 
areas occurred at the anterior and superior surfaces following BSSO mandibular 
advancement (Franco et al., 2013). Because the flaring of mandibular angles was 
observed in the transverse direction, it had probably only induced limited lateral 
compression of the condyles, causing functional remodelling at the site of compres-
sion and bone apposition at sites with a reduced loading, without changing the net 
condylar volume. The cephalometric measurements had also shown that flaring is 
mainly a temporary effect, 50% of the original flaring disappeared one year after 
surgery. Therefore, it is unlikely that flaring will induce PCR and the subsequent 
skeletal instability as suggested by some earlier studies (Arnett et al., 1996; Becktor 
et al., 2002; Becktor et al., 2008).
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Conclusion
CBCT based evaluation of changes in postoperative volume following BSSO ad-
vancement surgery has demonstrated a positive correlation between postoperative 
skeletal relapse and a decrease in condylar volume. Female patients with a high 
mandibular angle who exhibited a postoperative reduction in condylar volume were 
particularly at risk for postoperative relapse. Gender, preoperative condylar volume 
and the magnitude of downward displacement of pogonion were prognostic fac-
tors for postoperative CR. In cases where the postoperative CR exceeded 17% of 
the preoperative condylar volume, clinical signs of PCR were observed. Therefore, 
the condylar volume can be regarded as an useful radiographic parameter for the 
diagnosis and even prediction of postoperative skeletal relapse and PCR in clinical 
practice.
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Chapter 6
The role of mandibular proximal segment 
rotations on skeletal relapse and condylar 
remodelling following bilateral sagittal split 
advancement osteotomies
ABSTrACT
The aim of the present study was to quantify the postoperative rotation of the 
proximal segments in 3D and to assess its role on skeletal relapse and condylar 
remodelling following BSSO advancement surgery. 56 patients with mandibular hy-
poplasia who underwent BSSO advancement surgery were enrolled into the study. 
A CBCT scan was acquired preoperatively, at one week postoperatively and at one 
year postoperatively. After segmentation of the facial skeleton and condyles, 3D 
cephalometry and condylar volume analysis were performed. A mean mandibular 
advancement of 4.6 mm was found. 55% of the condyles decreased in volume 
postoperatively, with a mean reduction of 6.1 volume-percent. Among 11 patients 
who exhibited a clinically significant relapse of more than 2 mm, 10 patients exhibited 
a counterclockwise rotation of the proximal segments. The odds of skeletal relapse 
(>2mm) was 4.8 times higher in patients whose proximal segments were rotated in 
a counterclockwise direction. Postoperative flaring (3.3 mm) and torque (0.3°) were, 
however, not associated with skeletal relapse or condylar remodelling. Gender, pre-
operative condylar volume, postoperative condylar remodelling, counterclockwise 
rotation of the proximal segment and the amount of surgical advancement were 
prognostic factors for skeletal relapse (r²=0.83). The role of the mandibular plane 
angle in relapse is questionable.
Tong Xi, Martien de Koning, Stefaan Bergé, Theo Hoppenreijs, Thomas Maal
Journal of Cranio-Maxillofacial Surgery 2015; DOI 10.1016/j.jcms.2015.07.022.
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INTrODUCTION
Skeletal relapse is a major concern following bilateral sagittal split osteotomy 
(BSSO) in the surgical correction of mandibular hypoplasia (Joss and Vassalli, 2009; 
Franco et al., 2013). The intersegmental movement at the osteotomy site as well 
as the positional and morphological changes of the condyles are widely recognized 
as main contributors to skeletal relapse (Schendel and Epker, 1980; Mommaerts, 
1991; Van Sickels et al., 2000; Joss and Vassalli, 2009; Motta et al., 2011; Chen et 
al., 2013; Kim et al., 2014). Skeletal relapse at the osteotomy site has been reduced 
significantly with the introduction of rigid fixation (Mommaerts, 1991; Keeling et 
al., 2000; Van Sickels et al., 2000). The intra-operative positioning of the proximal 
segment and postoperative changes of the condyles have become more and more 
the focus of clinical research (Landes and Sterz, 2003; Ueki et al., 2012; Franco et 
al., 2013).
The positioning of the proximal segment is reported to be one of the most important 
factors related to the postoperative skeletal stability (Schendel and Epker, 1980; 
Will et al., 1984; Becktor et al., 2002). An incorrect intra-operative positioning of 
the proximal segments may lead to a suboptimal positioning of the condyles in the 
glenoid fossa and subsequent early relapse in form of condylar sag (Arnett, 1993; 
Reyneke and Ferretti, 2002). A suboptimal intra-operative control of the proximal 
segment position may also give rise to excessive flaring or torque of the ramus and 
condyles, leading to condylar resorption and late skeletal relapse (Arnett, 1993; 
Arnett et al., 1996).
Several previous studies used orthopantomograms, lateral and postero-anterior 
(PA) cephalograms to describe the sagittal and transverse postoperative displace-
ment of the proximal segment following BSSO advancement surgery (Van Sickels et 
al., 2000; Becktor et al., 2002; Angle et al., 2007). Measurement inaccuracies that 
were inherent to two-dimensional (2D) radiographs were the common concern of 
these studies. Not only were the landmarks difficult to identify, the PA cephalomet-
ric measurements were additionally subjected to distortions caused by differential 
magnification as the result of the angulation of the head during image acquisition 
(Hsiao et al., 1997).
The construction of three-dimensional (3D) virtual head models, including a detailed 
3D surface model of the condyles, using cone-beam computed tomography (CBCT) 
data has recently enabled the investigation of morphologic changes of the mandibu-
lar segments and the postoperative remodelling of condyles (Franco et al., 2013; Xi 
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et al., 2014). The superimposition of 3D virtual head models allows the quantifica-
tion of the roll, jaw and pitch movements of the distal and proximal segments and 
postoperative condylar volume changes following the surgical advancement of the 
mandible that could not have been performed on 2D radiographs.
The aims of this study were to quantify the rotational changes of the proximal seg-
ments following BSSO advancement surgery in 3D and to assess the effects of 
these movements on postoperative condylar remodelling and the skeletal relapse.
MATErIAL & METHODS
Patients
56 patients were treated with bilateral sagittal split advancement osteotomies 
between 2007 and 2011 at the Department of Oral and Maxillofacial Surgery in 
Radboud University Nijmegen Medical Centre. Patients with non-syndromic man-
dibular hypoplasia, a minimum age of 16 years and pre- and postoperative CBCT 
scans were included in the study. Patients with a history of orthognathic surgery, 
other simultaneously performed orthognathic procedures (e.g. Le Fort I osteotomy, 
genioplasty) and severe facial asymmetry were excluded. The approval of the re-
gional medical ethics review board (CMO Arnhem-Nijmegen) was obtained for this 
study. All patient data were anonymized and de-identified prior to analysis.
Surgical technique
All BSSO mandibular advancement surgeries were performed under general 
anaesthesia with nasotracheal intubation according to the Hunsuck modification 
(Hunsuck, 1968). Following the osteotomies, the distal segments of the mandible 
were positioned using the prefabricated acrylate interocclusal splint and stabilized 
with intermaxillary fixation (IMF). The proximal segments were gently pushed back-
ward and upward to seat the condyles in the glenoid fossa. No condylar positioning 
device was used. The mandibular segments were fixed with two titanium miniplates 
(one on each side) and monocortical screws (Champy 2.0 mm, KLS Martin, Tut-
tlingen, Germany). After the release of IMF, the interocclusal splint and tight elastics 
were used during the first week after surgery. After the first week, the surgical wafer 
was removed and guiding elastics were applied, in conjunction with the postopera-
tive orthodontic fine-tuning.
Page | 88
3D cephalometry and measurements
CBCT scans were acquired for each patient on the following occasions: one to 
four weeks prior to surgery (Tpre), one week after surgery (T1wk), and one year after 
surgery (T1yr). Patients were scanned while seated in a natural head position, using a 
standard CBCT scanning protocol (field of view: 22 x 16 cm; scan time: 40 seconds; 
voxel size 0.4 mm; i-CAT, 3D Imaging System, Imaging Sciences International Inc, 
Hatfield, PA, USA). CBCT data were exported in a DICOM format and rendered to 
3D models of the facial skeleton using Maxilim® software (Medicim NV, Mechelen, 
Belgium).
The validated procedure described by Swennen et al. was used to create a 3D 
cephalometric reference frame for the 3D model of a patient at Tpre (Swennen et 
al., 2006). The 3D models of T1wk and T1yr were superimposed on the Tpre 3D model 
using voxel-based registration on the unaltered subvolume of the anterior cranial 
base, forehead and zygomatic arches. 3D cephalometric landmarks were identified 
for the 3D cephalometric hard tissue analysis (Nada et al., 2011). Cephalometric 
measurements were performed to analyse the surgical displacement of the distal 
and proximal segments, and to assess the postoperative skeletal relapse (table 6.1).
Table 6.1 Definitions of the 3D cephalometric landmarks and measurements.
Landmarks Definition Bilateral
C-point (C) The most caudal point of the sigmoid notch. X
Condor (Cdor) The most posterior point of the mandibular ramus intersecting the 
C-plane.
X
Gonion (Go) The most caudal and most posterior point of the mandibular angle. X
Menton (Men) The most inferior midpoint of the chin on the outline of the 
mandibular symphysis.
Nasion (N) The midpoint of the frontonasal suture.
Pogonion (Pog) The most anterior midpoint of the chin.
Sella (S) The center of the hypophyseal fossa (sella turcica).
Measurement Definition Bilateral
Condor width (Cwid) The shortest distance between the landmark condor and the 
median plane.
X
Gonial width (Gowid) The shortest distance between the landmark gonion and the 
median plane.
X
Mandibular plane 
angle (MP-angle)
The angle between the SN-line and the mandibular plane.
Posterior hemifacial 
height (PHFH)
The distance between the landmarks sella and gonion along the 
vertical plane.
X
SNPog angle The angle between the landmarks sella, nasion and pogonion 
projected on the median plane.
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To assess the angular displacement of the proximal segment in the sagittal, coronal 
and axial plane, a ramus sagittal plane (RSP) was constructed, defined as a plane 
running through the landmarks C-point, Cdor and gonion. On the coronal view, the 
angle between the RSP plane and the horizontal plane was designated the coronal 
ramus angle (CR-angle), figure 6.1. On the axial view, the angle between the RSP 
plane and the vertical plane was determined as the axial ramus angle (AR-angle), 
figure 6.2. On the sagittal view, the angle between the line through Cdor and gonion 
(posterior ramus border) and the horizontal plane was designated the sagittal ramus 
angle (SR-angle), figure 6.3.
Statistical analysis
Statistical analyses were performed with the IBM SPSS software programme, 
version 20.0 for Windows (IBM Corp., Armonk, NY, USA). Cephalometric measure-
ments were analysed over three time intervals to quantify the surgical displacements 
(T1pre − T1wk) and postoperative skeletal relapse (T1wk − T1yr). The differences between 
the measurements performed at Tpre, T1wk and T1yr were evaluated using the paired 
t-test. Analyses of covariance (ANCOVA) were used to test for the differences in 
skeletal relapse between the cases of clockwise rotation and counterclockwise 
Figure 6.1 CR-angle
Frontal view of the 3D reconstruction of the right hemimandible. The CR-angle is defined as the angle 
(grey) between the horizontal plane (black) and the RSP plane (green), a plane passing through con-
dor, gonion and C-point.
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Figure 6.2 AR-angle
Caudal view of the 3D reconstruction of the right hemimandible. The AR-angle is defined as the angle 
(grey) between the vertical plane (black) and the RSP plane (green).
Figure 6.3 SR-angle
Sagittal view of the 3D reconstruction of the right hemimandible. The SR-angle is defined as the 
angle (grey) between the horizontal plane (black) and the posterior border of the ramus (a line passing 
through condor and gonion) projected on the median plane (red).
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rotation of the proximal segment. Multivariate linear regression analyses with 
backward elimination were applied to identify factors affecting the skeletal relapse 
and postoperative condylar remodelling among patients who showed a clinically 
significant skeletal relapse (relapse > 2 mm) (Mobarak et al., 2001). The age of 
patient at surgery, gender, preoperative mandibular plane angle, condylar remodel-
ling, rotations of the proximal and distal segments, surgical advancement of the 
mandible and postoperative condylar remodelling were evaluated as independent 
factors. The level of significance for all statistical analyses was set at 5%.
rESULTS
56 patients were enrolled into the present study, 39 female (mean age 30.2 ± 12.5 
years) and 17 male (mean age 28.2 ± 14.4 years). No statistically significant differ-
ence in age was found between male and female patients (p=0.42).
Skeletal movements and relapse
The mean surgical advancement at pogonion was 4.6 ± 3.4 mm. The mean skeletal 
relapse at pogonion after one year in the horizontal direction was 0.7 mm, 15% of 
the surgical displacement (table 6.2). Considering a skeletal relapse of 2 mm as a 
cutoff value, 11 patients (20%) showed a clinically significant relapse at pogonion. 
The BSSO advancement osteotomies resulted in a mean mandibular plane angle 
increase of 0.6° . This slight clockwise rotation of the distal segment was followed 
by a 1.1° counterclockwise rotation in the first postoperative year.
Table 6.2 Changes (mm or degree) in the position of the proximal and distal segments following 
BSSO advancement surgery.
Variable Surgical displacement Postoperative relapse
Mean ± SD Mean ± SD
Distal Segment Pog horizontal (mm)  4.6 ± 3.4* - 0.7 ± 2.0*
MP-angle(°) - 0.6 ± 2.3*  1.1 ± 1.7*
Proximal segment Cwid (mm)  0.7 ± 2.0* - 0.9 ± 1.9*
Gowid (mm)  3.3 ± 2.5* - 1.7 ± 2.1*
CR-angle (°)  3.6 ± 2.8* - 1.0 ± 2.2*
AR-angle (°) - 0.3 ± 3.9  2.0 ± 2.8*
SR-angle (°)  1.5 ± 2,3*  0.6 ± 2.0*
* Significant at the 5% level (P < 0.05).
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Condylar volume changes
The mean preoperative and postoperative condylar volume were 1728 mm³ (SD 496 
mm³; range 532–2844 mm³) and 1703 mm³ (SD 552 mm³; range 494–2822 mm³) 
respectively. Of 112 condyles, 62 condyles (55%) showed a statistically significant 
postoperative reduction in condylar volume (p<0.001), with a mean reduction of 
105 mm³ (95%-CI: 81-127 mm³).
Postoperative changes of the proximal segments
The changes in the position and angulation of the proximal segments are shown 
in table 6.2. The intergonial width (Gowid) and intercondylar width (Cwid) increased 
significantly after surgery. This transverse flaring of each proximal segment was 
also reflected by a postoperative reduction in the CR-angle (-3.6°). The flaring at 
the mandibular angles (3.3 mm) was larger than at the condylar neck (0.7 mm). It 
is worth to note that in the follow-up period, intergonial and intercondylar width 
(Cwid) decreased by 1.7 mm and 0.9 mm respectively, returning to the preoperative 
transverse position. The medial rotation of the proximal segments (AR-angle) was 
not significantly affected by surgery (mean increase of 0.3°). However, during the 
follow-up, a mean decrease of 2.0° in the AR-angle was observed.
With regard to the sagittal rotation of the proximal segment (SR-angle), 31 ramus 
(28%) were rotated in a clockwise direction whereas 81 ramus (72%) exhibited a 
counterclockwise rotation directly after surgery. The overall mean SR-angle was 
reduced by 1.5° (counterclockwise rotation of the proximal segment) after surgery 
followed by another 0.6° of counterclockwise rotation during the first year after 
surgery. In contrast to the proximal segments, a majority of the distal segments was 
rotated in a clockwise direction during surgery (38 patients, 68%).
The influences of segmental rotations on skeletal stability
The number of cases with and without a clinically significant relapse in relation to 
the rotation direction of the proximal segment is shown in table 6.3. 6.9% of the 
clockwise cases showed a horizontal relapse of more than 2 mm against 32.8% of 
the counterclockwise cases. The chi-square test showed a significant association 
between the counterclockwise rotation of the proximal segment and a significant 
relapse in the horizontal direction (χ²=4.7, p=0.034, Cramer’s V=0.21). Based on the 
odds ratio, the odds of displaying a horizontal relapse of more than 2 mm was 4.8 
times higher if the proximal segment was rotated and fixated in a counterclockwise 
direction during surgery.
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Among the 11 patients who displayed a significant relapse (relapse group), 10 pa-
tients exhibited a counterclockwise direction of the proximal segments. Comparing 
these patients to the ones who showed a clockwise rotation, only the preoperative 
condylar volume differed significantly between the two groups (1429 mm³ vs. 876 
mm³, p=0.042). After taking the preoperative condylar volume into account (as a 
covariate), the analysis of covariance (ANCOVA) showed that the presence of an 
counterclockwise rotation of the proximal segment was correlated to a relapse of 
more than 2 mm in the horizontal direction at pogonion (F(1,19)=3.97, p=0.06).
The mean change in the AR-angle direct postoperatively (Tpre − T1wk) in the relapse 
group was -0.34° (a slight inward rotation) whereas the mean change in the AR-
angle among patients without a significant relapse was 0.09° (a tiny outward rota-
tion). Concerning the mean changes in the CR-angle, the relapse group displayed 
more flaring than the stable group, 4.51° versus 3.42° respectively. However, the 
differences in the AR-angle and CR-angle between the relapse group and stable 
group were not statistically significant (p=0.65 and 0.10), table 6.4. With regard to 
the SR-angle, the relapse group exhibited more than twice as much counterclock-
wise rotation of the proximal segments as the stable group (p=0.001).
Of the 11 patients in the relapse group, 8 and 3 patients displayed a counterclock-
wise and clockwise rotation of the distal segment, respectively. The age was the 
only patient characteristic that differed significantly between the counterclockwise 
and clockwise group. The ANCOVA test showed that neither the presence of a 
counterclockwise rotation of the distal segment (F(1,19)=0.33, p=0.57) nor the 
age (F(1,19)=0.99, p=0.33) was related to the horizontal relapse. The amount of 
advancement did not correlate with the rotation direction of the proximal segment 
(Pearson’s r=0.24, p=0.29).
Predictive factors of skeletal relapse and condylar remodelling
Multivariate regression analysis involving the variables listed in table 6.5 gave a high 
explained variance of 83% (adjusted r²) for skeletal relapse. The gender, magnitude 
of surgical advancement, postoperative decrease of condylar volume, preoperative 
Table 6.3 Number of sites with and without a significant relapse (>2mm) at pogonion in relation to the 
rotation direction of the proximal segment.
Rotation direction of the proximal segment
Clockwise Counterclockwise
Horizontal relapse =< 2 mm 29 61
Horizontal relapse > 2 mm 2 20
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condylar volume and counterclockwise rotation of the proximal segments were the 
most important prognostic factors for a clinical significant relapse in the horizontal 
direction. The female gender and a counterclockwise rotation of the proximal seg-
ments, in particular, have a relatively large influence on skeletal relapse. With regard 
to the postoperative reduction in condylar volume, the magnitude of the condylar 
remodelling is statistically associated with the gender, age, magnitude of the sur-
gical advancement and the amount of horizontal relapse (table 6.6). The female 
gender, younger patients, a large surgical advancement and postoperative relapse 
were correlated with more postoperative condylar remodelling.
Table 6.4 The mean surgical rotations of the proximal segments among patients with and without a 
significant horizontal relapse (>2 mm) at pogonion.
Horizontal relapse =< 2 mm Horizontal relapse > 2 mm P-value
Mean ± SD Mean ± SD
AR-angle (°) - 0.34 ± 3.99 0.09 ± 3.68 0.65
CR-angle (°)  3.42 ± 2.85 4.51 ± 2.18 0.10
SR-angle (°)  1.13 ± 2.10 2.84 ± 2.41 0.001
AR-angle: a positive value means laterorotation, a negative value means mediorotation. CR-angle: a 
positive value means laterorotation, a negative value means mediorotation. SR-angle: a positive value 
means counterclockwise rotation, a negative value means clockwise rotation.
Table 6.5 Factors affecting the postoperative relapse.
Variables  Beta P-value
Age  0.154 0.570
Gender - 3.022 0.001
Preoperative mandibular plane angle  0.026 0.520
Condylar remodelling  0.002 0.039
Preoperative condylar volume - 0.002 0.002
Rotation of proximal segment - 3.005 <0.001
Rotation of distal segment  0.142 0.535
Surgical changes of the CR-angle  0.093 0.934
Surgical changes of the AR-angle  0.137 0.847
Surgical advancement of the mandible  0.562 <0.001
Multivariate linear regression analysis with backward elimination (r²=0.83; F=2.15), level of significance 
for elimination was set at 0.05.
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DISCUSSION
Despite the application of rigid fixation, skeletal relapse is still a common phenom-
enon after BSSO mandibular advancement surgery (Landes and Sterz, 2003; Joss 
and Vassalli, 2009). In literature, this postoperative relapse is mainly attributed to 
suboptimal intra-operative positioning of the proximal segments and condyles as 
well as progressive condylar resorption (Schendel and Epker, 1980; Epker and 
Wylie, 1986; Arnett et al., 1996; Ueki et al., 2012). The influences of postoperative 
condylar volume changes on skeletal relapse were discussed extensively in our pre-
vious article (Xi et al., 2015). The current paper focused on the role of the proximal 
segment rotation in skeletal relapse and its association with postoperative condylar 
remodelling.
The application of CBCT scans and the newly developed 3D rendering algorithm 
provided a clinically validated platform to carry out cephalometric analysis to quan-
tify segmental movements and skeletal relapse as well as postoperative volume 
changes of the condyles. The intra-observer and inter-observer errors of the cur-
rently adopted methodology were respectively 0.88 mm and 1.26 mm (Swennen 
et al., 2006). The average median surface distance error induced by the applied 
region-growing based segmentation protocol for 3D rendering of the condyles was 
0.13 mm, which was considerably smaller than the voxel size (0.4 mm) (Xi et al., 
2014). Therefore, it is unlikely that these relatively small measurements errors would 
have significantly influenced the results of this study.
Table 6.6 Factors affecting the postoperative condylar remodelling.
Variables  Beta P-value
Age - 3.022 0.019
Gender  393.5 0.003
Preoperative mandibular plane angle - 0.028 0.457
Preoperative condylar volume  0.117 0.457
Rotation of proximal segment  0.03 0.533
Rotation of distal segment - 0.15 0.331
Surgical advancement of the mandible - 56.3 0.001
Surgical changes of the CR-angle - 0.060 0.914
Surgical changes of the AR-angle  0.122 0.902
Skeletal relapse  82.0 0.003
Multivariate linear regression analysis with backward elimination (r²=0.56; F=0.285), level of signifi-
cance for elimination was set at 0.05.
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The importance of an optimal intra-operative positioning of the proximal segments 
was recognized decennia ago. In the eighties, Epker and Wylie noticed that mainte-
nance of the preoperative position of proximal mandibular segments and condyles 
was important to ensure the postoperative surgical stability (Epker and Wylie, 1986). 
Schendel and Epker found greater relapse in patients with large mandibular ad-
vancements and suggested that position of the proximal segments and rigid fixation 
were important to prevent relapse (Schendel and Epker, 1980). The clinical study 
by Van Sickels et al., in which patients were randomized to either rigid fixation or 
wire osteosynthesis had again underlined the correlation between skeletal relapse 
and the amount of mandibular advancement, control of the proximal segment and 
change in the mandibular plane, regardless the method of fixation (Van Sickels et 
al., 2000).
In spite of many attempts to stabilize the position of the proximal segments intra-
operatively, the ramus is still prone to rotate in a counterclockwise direction (Van 
Sickels et al., 2000; Landes and Sterz, 2003). 72% of proximal segments were 
rotated in a counterclockwise direction, which is comparable to previous studies 
(Alder et al., 1999; Harris et al., 1999; Dicker et al., 2012). In concordance with 
previous studies, the results from the present study showed a positive correlation 
between a counterclockwise rotation of the proximal segment and an increased 
skeletal relapse. The chance of experiencing a clinically significant relapse of more 
than two millimeters is 4.8 times higher in patients whose proximal segments were 
rotated and fixated in a more anterior position than prior to surgery. Hwang et al. 
suggested that such a counterclockwise rotation of the proximal segments in com-
bination with a posterior inclination of the condylar neck may increase the loading 
of the preoperatively unloaded anterior-superior surface of the condyle, making the 
condyle more prone to condylar resorption with subsequent skeletal relapse(Hwang 
et al., 2000; Hwang et al., 2004). Recently, Dicker et al. analysed the static and 
dynamic loading of the condyles after surgical mandibular advancement in 16 pa-
tients with MRI scans (Dicker et al., 2012). Their findings did not support the idea 
that increased postoperative joint loading and sagittal rotation of the condyle are a 
serious cause for condylar resorption or relapse. The results of the present study, 
including the direct measurement of postoperative condylar volume changes, have 
also not provided the evidence that a counterclockwise rotation, torque (AR-angle) 
or flaring (CR-angle) of the ramus is associated with condylar remodelling. From 
these findings, it seems that the underlying mechanism of having an increased risk 
of relapse in cases of counterclockwise rotation of the proximal segment is not 
caused by condylar resorption but rather by some still unknown factors.
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As the rotation direction of the proximal segment is correlated to skeletal relapse, 
the question arises to what extent the rotation of the distal segment will affect 
postoperative stability. Our findings have shown that, in contrast to the proximal 
segments, a counterclockwise rotation of the distal segment is neither correlated to 
skeletal relapse nor to condylar remodelling. Hwang et al. reported in their cohort 
study (32 patients) that the risk of condylar resorption increased significantly with 
increased surgical counterclockwise rotation of the distal segment (Hwang et al., 
2000). However, the associated odds ratio is only 1.34, which is considered to be 
a weak risk when compared with the odds ratio of 4.8 found in the present study 
for the counterclockwise rotation of the proximal segment. Furthermore, Hwang et 
al. seemed not to have corrected for the surgical advancement in their stepwise 
logistic regression analysis, despite the large mean advancement of 8.5 mm.
Following mandibular advancement, the proximal segments were rotated laterally 
(increased AR-angle) and flared, especially in the angle region, as reported by Tuinz-
ing and Swart in their cadaveric study (Tuinzing and Swart, 1978) and Becktor et al. 
(Becktor et al., 2002). The lateral rotation of the proximal segments is very limited 
(0.3°), slightly smaller than the reported changes by Dicker et al. (Dicker et al., 2012). 
This lateral rotation had little influence on skeletal relapse or condylar resorption. 
Despite the relatively large increase of the intergonial distance, it is accompanied by 
only a very marginal increase of the distance between the C-points, which suggests 
that the fulcrum of flaring is located in the condylar region. Because displacement 
of the fulcrum (condyle) is relatively small, the flaring of proximal segments is not 
related to condylar resorption or the subsequent skeletal relapse (Xi et al., 2015).
The abovementioned findings suggest that the flaring and torque of the proximal 
segments have little relevance with regard to the postoperative function and stabil-
ity. However, the occurrence of flaring may have implications for facial aesthetics. 
Particularly among patients who already have wide angles preoperatively, unwanted 
postoperative flaring at the mandibular angles should be prevented.
A large surgical advancement is widely recognized as a risk factor for skeletal relapse 
(Scheerlinck et al., 1994; Hwang et al., 2000; Van Sickels et al., 2000; Borstlap et 
al., 2004; Joss and Vassalli, 2009). Multivariate regression analysis of our data has 
also found a similar correlation between the amount of mandibular advancement 
and postoperative relapse. The stretching of the submandibular soft tissue drape 
together with the suprahyoid and infrahyoid muscles as result of the mandibular 
advancement is believed to cause some backward movement of the distal segment 
(Ellis and Carlson, 1983; Van Sickels et al., 2000). The posteriorly oriented soft tissue 
traction is also conducted through rigid fixation material to the proximal segments 
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including condyles, causing skeletal relapse through condylar remodelling and/or 
resorption (Scheerlinck et al., 1994; Reyneke and Ferretti, 2002). The significant 
correlation between the amount of advancement and postoperative reduction in 
condylar volume found in this study has provided evidence for this theory. It needs 
to be noted that some authors failed to find a direct correlation between the amount 
of mandibular advancement and condylar resorption (Hoppenreijs et al., 1998; 
Hwang et al., 2000). These studies included patients undergoing Le Fort I and 
bimaxillary surgery. Consequently, the mandibles showed more displacement in the 
vertical direction compared to the present study, which could have camouflaged the 
pure effects of the horizontal advancement on the condyles. Moreover, orthopan-
tomograms were used to evaluate the shape and surface of the condylar head, the 
validity of which is questionable (Vidra et al., 2002). It can be asked whether a large 
advancement is related to skeletal relapse through a counterclockwise rotation of 
the proximal segments. The lack of correlation between the amount of mandibular 
advancement and the amount of rotation of proximal segments (Pearson’s r=0.24, 
p=0.29), however, does not support this presumption.
A high mandibular plane angle appeared to be one of the risk factors with regard to 
condylar resorption, which is associated with skeletal relapse (Kerstens et al., 1990; 
Arnett et al., 1996; Hoppenreijs et al., 1998). Patients with a high mandibular plane 
angle often have a long-face profile, a vertical growth pattern and an anterior open 
bite (Hoppenreijs et al., 1998; Mobarak et al., 2001; Dicker et al., 2012). In order 
to establish a harmonious facial profile among these patients, there is a surgical 
tendency to advance and rotate the distal segment in a more counterclockwise 
direction than in short-face patients (Hwang et al., 2000). As a consequence, in 
an attempt to line up the inferior border, the proximal segments have a tendency 
to be rotated forward in a counterclockwise direction. In addition, recent 3D CBCT 
volumetric analysis of condyles among patients with mandibular hypoplasia demon-
strated that the condylar head volume of high-angle patients is significantly smaller 
than low-angle patients (Xi et al., 2015). Results of the present multivariate regres-
sion analysis pointed out that the preoperative condylar volume, a counterclockwise 
rotation of the proximal segment and the amount of mandibular advancement are 
correlated to skeletal relapse, but not the preoperative mandibular plane angle. It 
is the inherent characteristic of high-angle patients, who have significantly smaller 
condyles preoperatively in combination with a tendency for counterclockwise rota-
tion of the proximal segment and a possibly larger average mandibular advance-
ment that make high-angle patients more susceptible to condylar resorption and 
relapse, rather than the high mandibular plane angle itself.
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CONCLUSION
The proximal segments of the mandible had a tendency to rotate anteriorly (coun-
terclockwise), to flare laterally and to torque in an outward direction following BSSO 
advancement surgery. In the postoperative follow-up period, the counterclockwise 
rotation continued whereas the initial flaring was reduced and the torque was 
changed into an inward movement. The counterclockwise rotation of proximal seg-
ment occurred in 72% of cases and is associated with a 4.8 fold increase in the risk 
of skeletal relapse in contrast to rotational movements of the distal segment. The 
rotational movements of the proximal segment during the BSSO had little effect on 
condylar remodelling. In order to minimize the skeletal relapse, a good control of 
the proximal segment is recommended to prevent the counterclockwise rotation.
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Chapter 7
Accuracy of three-dimensional soft tissue 
simulation in bimaxillary osteotomies
ABSTrACT
The purpose of this study was to evaluate the accuracy of an algorithm based 
on the mass tensor model (MTM) for computerized 3D simulation of soft-tissue 
changes following bimaxillary osteotomy, and to identify patient and surgery-related 
factors that may affect the accuracy of the simulation. Sixty patients (mean age 
26.0 years) who had undergone bimaxillary osteotomy, participated in this study. 
Cone-beam CT scans were acquired pre- and one year postoperatively. The 3D 
rendered pre- and postoperative scans were matched. The maxilla and mandible 
were segmented and aligned to the postoperative position. 3D distance maps 
and cephalometric analyses were used to quantify the simulation error. The mean 
absolute error between the 3D simulation and the actual postoperative facial profile 
was 0.81 ± 0.22 mm for the face as a whole. The accuracy of the simulation (aver-
age absolute error ≤2 mm) for the whole face and for the upper lip, lower lip and 
chin subregions were 100%, 93%, 90% and 95%, respectively. The predictability 
was correlated with the magnitude of the maxillary and mandibular advancement, 
age and V-Y closure. It was concluded that the MTM-based soft tissue simulation 
for bimaxillary surgery was accurate for clinical use, though patients should be 
informed of possible variation in the predicted lip position.
Jeroen Liebregts*, Tong Xi*, Maarten Timmermans, Martien de Koning, Stefaan Bergé, 
Theo Hoppenreijs, Thomas Maal
Journal of Cranio-Maxillo-Facial Surgery. 2015; 43(3):329-35.
* Both authors contributed equally.
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INTrODUCTION
The introduction of three-dimensional (3D) virtual surgery planning software in 
the field of orthognathic surgery has provided orthodontist and surgeons with an 
opportunity to perform virtual osteotomies in order to obtain a favourable facial ap-
pearance (Westermark et al., 2005; Schendel et al., 2013). Since the final aesthetic 
result is reflected by the postoperative soft tissue facial profile, the predictability of 
the soft tissue changes that accompany the planned bony tissue movements has 
become the key issue in surgical simulations(Westermark et al., 2005; Mollemans et 
al., 2007; Marchetti et al., 2011). An accurate 3D simulation of the desired surgical 
result is essential in treatment planning and (shared) decision making (Mobarak et 
al., 2001; Marchetti et al., 2007; Kaipatur and Flores-Mir, 2009; Schendel et al., 
2013).
Various computational strategies have been adopted to perform 3D virtual soft 
tissue simulations (Marchetti et al., 2007; Mollemans et al., 2007; Schendel et al., 
2013). Mollemans et al. found that the highest accuracy was obtained by using a 
finite element model (FEM) or a mass tensor model (MTM), with a mean median 
error of 0.60 mm (90 percentile < 1.5 mm) (Mollemans et al., 2007). Consider-
ing significant time gain in simulation time compared to the two traditionally used 
models (FEM and mass spring model), MTM seemed to be the more favourable one 
for clinical use.
The importance of an accurate 3D soft tissue simulation increases with the 
complexity of the planned orthognathic surgery (Xia et al., 2011; Schendel et al., 
2013). From a theoretical point of view, however, an increased complexity of the 
surgical intervention (bimaxillary surgery) is technically more challenging to manage 
compared to single jaw surgery. It can be expected that the induced error in soft 
tissue simulation would be higher as both the complexity of jaw movements and 
the number of jaw segments are increased in bimaxillary surgery. Up till today, no 
study on the predictability of computerized simulation of 3D soft tissue facial profile 
with a large number of homogeneous patients undergoing bimaxillary surgery has 
been published.
The aim of this study was to evaluate the accuracy of a MTM algorithm for com-
puterized 3D simulation of soft-tissue changes following bimaxillary surgery and to 
identify patient and surgery related factors that may explain possible discrepancies 
between the initial 3D soft tissue simulation and the postoperative soft tissue profile.
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MATErIAL & METHODS
The inclusion criteria were a non-syndromatic dysgnathia requiring bimaxillary 
osteotomy, and the availability of a CBCT scan before and at least six months after 
surgery. The exclusion criteria were non-native Dutch patients, the usage of a chin 
support during CBCT-scanning, previous history of Le Fort I osteotomy or BSSO, 
a chin osteotomy performed during bimaxillary surgery, presence of orthodontic 
labial appliances in the postoperative CBCT-scan, the absence of upper and/or 
lower incisors and extensive restorative dental treatment during the postoperative 
follow-up period.
This study was conducted in compliance with the World Medical Association Dec-
laration of Helsinki on medical research ethics. The approval of the regional medical 
ethics review board (CMO Arnhem-Nijmegen) was obtained for this study. All patient 
data were anonymized and de-identified prior to analysis.
Data acquisition
CBCT imaging data were obtained two weeks prior to and at least six months 
following bimaxillary surgery using a standard CBCT scanning protocol (i-CAT, 3D 
Imaging System, Imaging Sciences International Inc, Hatfield, PA, USA) in “Extended 
Field” modus (field of view: 16 cm diameter/22 cm height; scan time: 2x20 seconds; 
voxel size: 0.4 mm). Patients were scanned while seated in a natural head position. 
Patients were asked to swallow and to relax their lips and facial muscles and to 
keep their eyes open. The acquired CBCT data were stored in DICOM format and 
exported into Maxilim® software (Medicim NV, Mechelen, Belgium). In Maxilim, a 3D 
virtual augmented head model was rendered (Swennen et al., 2009).
Simulation of soft tissue profile
The pre- and postoperative 3D virtual head models were superimposed using voxel 
based registration on an unaltered subvolume that consisted of the cranial base, 
forehead and zygomatic arches (Nada et al., 2011). Virtual Le Fort I and BSSO 
osteotomies were made on the preoperative 3D virtual head model according to the 
actual osteotomies performed during surgery (postoperative scan).
In order to eliminate discrepancies between the planned skeletal movement and the 
actual displacement of the bimaxillary complex at surgery, the virtually osteotomized 
maxilla and mandible were aligned with the position of the maxilla and mandibula 
in the postoperative scan using surface based registration (Besl and Mckay, 1992). 
In this way, the simulated skeletal movements duplicated the actual jaw displace-
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ments during surgery. In Maxilim, a soft tissue simulation was carried out based on 
the simulated skeletal movements using a MTM soft tissue simulation algorithm. 
The result of the soft tissue simulation could subsequently be compared with the 
actual postoperative soft tissue profile (figure 7.1).
Analysis of soft tissue simulation
The accuracy of the soft tissue simulation was evaluated by cephalometric analysis 
(method A) and 3D distance mapping (method B).
Figure 7.1 The registration procedure of the preoperative, postoperative and simulated facial profiles.
(a) Voxel based registration of the preoperative (blue/red) and postoperative (white) CBCT scans.
(b) Preoperative soft tissue facial profile.
(c) Simulated soft tissue outcome by Maxilim according to the performed bimaxillary osteotomy.
(d) Postoperative soft tissue facial profile.
(e) The preoperative soft tissue facial profile is compared with the postoperative result.
(f)  The simulated facial profile is compared with the preoperative and postoperative situation. It can 
be seen that the simulation has overestimated the position of the upper lip and chin regions.
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A) Cephalometric Analysis
Differences between the soft tissue simulation and actual soft tissue changes were 
calculated using 11 3D cephalometric landmarks. Following the set-up of a 3D hard 
tissue reference frame, 6 midline soft tissue landmarks (subnasale, labrale superius, 
stomion, labrale inferius, sublabiale, and soft tissue pogonion), 3 midline hard tissue 
landmarks (upper incisor landmark, lower incisor landmark, and pogonion) and 1 
bilateral hard tissue landmark (mental foramen) were identified through the vali-
dated method described by Swennen et al (Swennen et al., 2006). The Euclidean 
distances were computed for all corresponding landmarks between the soft tissue 
simulation and the actual postoperative result as a measure for the accuracy of soft 
tissue simulation. The Euclidean distances between the corresponding landmarks in 
the pre- and postoperative scans were also calculated, to assess the actual surgical 
movements.
B) 3D Distance Mapping
The overall differences between the soft tissue simulation and actual postoperative 
soft tissue profile were calculated using 3D distance mapping, generated by the 
application of an inter-surface distance algorithm. Differences between the 3D soft 
tissue profiles were visualized by using colour scaled distance maps. From these 
distance maps the absolute mean difference between the simulation and surgical 
result was calculated. Scattered radiation artifacts were removed to prevent bias. 
The soft tissue located in the neck area and around the nasal tip were also omitted. 
The soft tissue outline in the neck area is highly influenced by the position of the 
head and cervical spine and was considered to be poorly reproducible. The exclu-
sion of the nasal region is due to the poor segmentation and 3D rendering of the 
soft tissue nasal tip.
The absolute mean differences were computed for the face as a whole, and for 
three specific regions of interest, the upper lip, lower lip and chin region, defined by 
the aforementioned cephalometric landmarks (figure 7.2). For each specific region, 
a distance map was generated to calculate the mean absolute difference between 
the simulation and the actual postoperative result.
Statistical analysis
IBM SPSS software, version 20.0.1 (IBM Corp., Armonk, NY, USA) was used to 
perform the statistical data analysis. The 3D cephalometric data were used to 
compute the mean amount of advancement and jaw of the bimaxillary complex at 
labrale superius and labrale inferius as the result of surgery. The Euclidean distances 
between the corresponding soft tissue landmarks subnasale, labrale superius, 
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labrale inferius, sublabiale and soft tissue pogonion on the simulated soft tissue 
profiles and actual postoperative soft tissue profiles were calculated as a parameter 
for the accuracy of simulation. The mean absolute error, standard deviation, range 
and 95th percentile were computed for the soft tissue profile face as a whole and for 
the three subregions of interest using the distance maps derived from the 3D virtual 
head models. To be able to compare our results with previous studies, the percent-
age ratio between the number of simulations with a high and medium degree of 
accuracy (error level less or equal to 1 mm and 2 mm, respectively) and the total 
number of scans was calculated.
Figure 7.2 The set up and definition of facial regions.
A reference frame is set up according to the method described by Swennen et al. 
(a).  Two vertical planes through the left and right mental foramen running parallel to the median 
plane were constructed. Three horizontal planes through the landmarks subnasale, stomion and 
sublabiale running parallel to the horizontal plane were also constructed 
(b,c).  These planes are used to define the borders of the facial subregions 
(d).  Subsequently, the soft tissue profile is divided into different subregions 
(e).  The upper lip region (yellow), lower lip region (green) and chin region (purple) are depicted in 
(f).  Upper lip region: area between horizontal planes through stomion and subnasale, bordered by 
two vertical planes through the left and right mental foramen.
Lower lip region: area between the horizontal planes through stomion and sublabiale, bordered by 
two vertical planes through the left and right mental foramen.
Chin region: area located below the horizontal plane through sublabiale and between the two vertical 
planes through the left and right mental foramen.
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Multivariate linear regression analysis with backward regression (5% level of sig-
nificance) was used to investigate the correlation between the dependent variables 
(prediction of the soft tissue profile for the whole face and in each of the three 
subregions) and independent variables (age at surgery, sex, amount of surgical 
advancement and jaw at Isup and Iinf, SARME prior to surgery, alar cinch suture and 
V-Y closure). Adjusted r square values were calculated to describe the explained 
variance of dependant variables.
rESULTS
60 patients were enrolled in this study, 45 females (75%) and 15 males (25%). The 
mean age at surgery was 26 (range 15-58) years. The mean follow-up time was 14.0 
months (range 6-35 months). 26 patients underwent a surgically assisted maxillary 
expansion prior to the bimaxillary surgery. The alar cinch suturing technique was 
applied on 22 patients; an upper lip augmentation with V-Y closure on 14 patients.
3D cephalometric analysis
The mean surgical advancement of the maxilla (measured at Isup) and mandible 
(measured at Iinf) was 2.7 ± 1.9 mm and 4.1 ± 4.2 mm, respectively. The chin 
(pogonion) was advanced by an average of 3.5 ± 4.5 mm.
The mean absolute error between the simulation and postoperative result at soft 
tissue landmarks subnasale, labrale superius, labrale inferius, sublabiale and soft 
tissue pogonion are presented in table 7.1. The maximum absolute error was at the 
labrale inferius (3.1 ± 1.4 mm) whereas the smallest absolute error appeared at the 
subnasale (1.5 ± 0.6 mm).
Table 7.1 Soft tissue simulation error (mm) at five cephalometric soft tissue landmarks.
Landmark Errorm (mm) SD (mm) Errormin (mm) Errormax (mm) Error95%-CI (mm)
Subnasale 1.48 0.6 0.4 3.1 1.32–1.64
Labrale superius 2.55 1.0 0.7 4.9 2.29–2.80
Labrale inferius 3.12 1.4 0.5 7.5 2.76–3.48
Sublabiale 2.48 1.2 0.8 6.3 2.19–2.79
Pogonion 2.75 1.4 0.2 6.6 2.39–3.10
Error95%-CI: 95% confidence interval of the absolute error; Errorm: mean absolute error; Errormax: the 
maximum absolute error; Errormin: the minimum absolute error; SD: standard deviation of mean ab-
solute error.
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3D distance mapping
The mean absolute differences of the soft tissue profile between simulation and 
postoperative result of the face as a whole and in the three subregions are sum-
marized in table 7.2.
For the face as a whole, the mean absolute error was 0.81 ± 0.22 mm. The percent-
age ratio with a high degree of accuracy (error ≤ 1 mm) and with a medium degree 
of accuracy (error ≤ 2 mm) was 83.3% and 100%, respectively. The accuracy of 
the soft tissue simulation in the upper lip region was the highest (1.2 ± 0.6 mm), 
whereas the lower lip region was the least predictable (1.4 ± 0.5 mm). Figures 7.3 
and 7.4 depict respectively a good and a poor match (distance map) between the 
postoperative and simulated soft tissue facial profile.
Correlation analysis
The accuracy of soft tissue simulation for the face as a whole was correlated to 
the magnitude of the skeletal advancement of the maxilla (p=0.001) and mandible 
(p=0.009), as well to the use of alar cinch suture (p=0.03) and V-Y closure (p<0.001). 
Multivariate regression analysis involving these four factors gave an explained vari-
ance of 26%. The mean error in soft tissue simulation among patients who had a 
V-Y closure (0.7 mm) was statistically significantly smaller than those without a V-Y 
closure (0.8 mm). However, this difference was not present with regard to the alar 
cinch suture.
The soft tissue simulation error of the upper and lower lip region was significantly 
correlated to the magnitude of the maxillary and mandibular advancement, respec-
tively resulting in an explained variance of 5% and 15% (p<0.05). The age of the 
patients was found to be correlated to the accuracy of soft tissue simulation in the 
lower lip region (p=0.002). The soft tissue simulation became slightly less accurate 
as the age of the patient increased. The error in simulation of the soft tissue chin 
Table 7.2 The mean absolute error in soft tissue simulation (mm and percentage) for the whole face 
and in the three subregions of the face based on the 3D distance maps.
Area Tmean (mm) T≤1mm (%) T≤2mm (%) T90% (mm)
The whole face 0.8 ± 0.2 83 100 2.0
The upper lip region 1.2 ± 0.6 47 93 2.2
The lower lip region 1.4 ± 0.5 20 90 2.9
The chin region 1.1 ± 0.6 57 95 2.3
Tmean: the mean absolute surface error; T≤1mm: the percentage of simulations within an error margin of 
1 mm; T≤2mm: the percentage of simulations within an error margin of 2 mm; T90%: 90% percentile of 
the mean absolute error.
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was best explained by the age of patient and the surgical advancement of the 
maxilla and mandible (r²=0.35). In general, the accuracy of the soft tissue simulation 
decreased in patients with a larger surgical advancement.
Figure 7.4 An example of an less accurate 3D simulation of the soft tissue facial profile following 
bimaxillary surgery.
Figure 7.3 An example of an accurate 3D simulation of the soft tissue facial profile following bimaxil-
lary surgery.
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DISCUSSION
The introduction of CBCT had provided the surgeons with a powerful imaging tool 
to depict the facial soft tissue and hard tissue in 3D, while exposing patients to a 
much lower radiation dose than conventional CT (De Vos et al., 2009; Schendel and 
Jacobson, 2009). Upon the rendered virtual 3D head models, virtual surgery could 
be performed. By adopting a specific type of algorithm, the soft tissue profile of the 
virtual osteotomy could be simulated. The accuracy of the computerized 3D soft tis-
sue simulation relied, therefore, on the ability of the computing algorithm to predict 
the soft tissue movements (Xia et al., 2000; Marchetti et al., 2007; Mollemans et al., 
2007). Several computing algorithms have been adopted for soft tissue simulations. 
The most frequently used are the mass spring model (MSM) (Mollemans et al., 
2007; Schendel et al., 2013), the finite element model (FEM) (Marchetti et al., 2006; 
2007; Marchetti et al., 2011) and the mass tensor model MTM (Mollemans et al., 
2007; Nadjmi et al., 2013; Shafi et al., 2013). These algorithms were applied by 
several commercial software applications for 3D soft tissue simulation. Up till now, 
a limited number of validation studies had been conducted on the accuracy of the 
soft tissue simulation of these software packages.
The present study evaluated the accuracy of 3D soft tissue simulation of bimaxillary 
osteotomies using Maxilim software (MTM algorithm). The mean simulation error for 
the face as a whole and for the subregions upper lip, lower lip and chin were 0.8 
mm, 1.2 mm, 1.4 mm and 1.1 mm, respectively. The 90% percentile of the mean 
absolute error stayed below the 2 mm. These errors were much lower than those 
reported by Shafi et al. (mean error in the upper lip region of 2.73 mm), who also 
investigated the predictability of the Maxilim software, but for isolated Le Fort I 
advancements (Shafi et al., 2013). It needs to be underlined that average maxillary 
advancement in the study of Shafi et al. was larger than in this study (5.5 mm vs. 
2.7 mm), which might have induced more inaccuracies in the soft tissue simulation. 
The recent study performed by Nadjmi et al. used 15 midline soft tissue landmarks 
on the midfacial plane to assess the soft tissue simulation error of Maxilim software 
(Nadjmi et al., 2013). Based on the findings of 13 patients who had undergone 
Le Fort I or bimaxillary surgery, the mean error in the horizontal direction for the 
landmarks subnasale, labrale superior and pogonion were respectively 0.05 mm, 
0.062 mm and 0.16 mm. The errors on the transverse plane were not reported 
because only the simulation error on the midfacial plane was investigated. The true 
simulation error is, in fact, the sum of error on the horizontal, vertical and transverse 
planes. Thus, the combined error as reported in this study is expected to be larger 
than the error on each plane.
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The mean absolute error for the whole face of 0.8 mm found in the present study 
coincided well with the studies of Bianchi et al (Bianchi et al., 2010) and Marchetti 
et al (Marchetti et al., 2011), since they found an average absolute error of 0.94 
mm and 0.75 mm, respectively. Both studies used the volumetric FEM based 
SurgiCase-CMF software, that had difficulties of predicting the lip position and the 
chin region. The outcome from both abovementioned studies should be interpreted 
with caution. Not only was the population size limited, it also comprised different 
types of maxillofacial deformities. The patients received different types of osteoto-
mies, including genioplasty. In addition, the reported mean absolute error for the 
whole face included large areas that were not affected by surgery. By the inclusion 
of facial areas that were not affected by surgery in the analysis, the reported error 
tended to be an underestimation of the actual prediction error caused by surgery. 
This statement is highlighted by the findings of the present study, in which the 
simulation accuracy for the whole face is higher than in the regions of interest (lip 
and chin regions).
In the present study, the prediction error at five cephalometric landmarks pointed 
out that subnasale was the most predictable landmark (mean error of 1.48 ± 0.60 
mm) whereas labrale superius was the least predictable (mean error of 3.12 ± 1.40 
mm). The relative low predictability of the effect of orthognathic surgery on the up-
per and lower lip position and the large variability in predicted lip positions were also 
found in the previous studies (Kaipatur and Flores-Mir, 2009; Bianchi et al., 2010; 
Marchetti et al., 2011; Xia et al., 2011; Nadjmi et al., 2013; Schendel et al., 2013; 
Shafi et al., 2013). It is remarkable that the most predictable and the least predict-
able landmarks are located so closely to each other. Several factors could have 
influenced the precision of the lip position simulation. Firstly, the positional changes 
of the upper and lower incisors during the pre- and postoperative orthodontic 
treatment might have affected the final lip position. Although the magnitude of this 
effect has not been quantified in the present study, a previous 3D CBCT study on 
the soft tissue response to mandibular advancement showed that only 30% of the 
variability of the postoperative lower lip displacement was explained by changes 
in the lower incisor position (Almeida et al., 2011). The effect of incisor position on 
the simulation error in the lip regions is thus considered to be limited. Secondly, 
the presence of labial brackets on the preoperative scan and their absence on the 
one-year postoperative scan had probably influenced the final lip position. Jeon et 
al reported in their 3D soft tissue study that debonding of the labial brackets caused 
positional changes of the vermilion border up to 1.4 mm (Jeon et al., 2013). In addi-
tion, difficulties in reproducing a relaxed lip position during CBCT scans might have 
also increased the variations in the simulation of lip position (Mobarak et al., 2001; 
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San Miguel Moragas et al., 2014). From the technical point of view, the large errors 
in the lip regions can also be caused by the fact that the software moves the CT 
data of the upper and lower lip as a continuous area, instead of considering them 
as two separate anatomical structures that move separately (Marchetti et al., 2011).
Soft tissue changes in response to bimaxillary surgery are multifactorial, depending 
on surgical related factors as well as patient related factors. With regard to the 
surgical related factors, the correlation analysis showed that the simulation error is 
positively correlated to the magnitude of the surgical advancement. The proposed 
theories to explain the low predictability are either that the fraction of the maxilla 
bone advancement is partially absorbed by the thickness of the upper lip, or that 
there may be space present between the upper maxillary dentoalveolar structures 
and the labial mucosa of the upper lip, so that the upper lip only moves once the 
maxillary advancement has bridged this space and made contact with the labial lip 
surface (Marchetti et al., 2006). This would explain the non-linear nature of the hard-
tissue to soft-tissue ratio for prediction of the soft tissue results, especially in the lip 
regions (Bianchi et al., 2010; Marchetti et al., 2011; Shafi et al., 2013). The use of 
V-Y closure after Le Fort I osteotomy seemed to be able to improve the simulation 
slightly, in contrast to the use of alar cinch sutures. This finding confirmed that MTM 
algorithm was able to give an acceptable prediction of the vermillion show (Nadjmi 
et al., 2013), as a V-Y closure was carried out to counteract the tendency for the 
shortening of the upper lip and to allow some eversion of the vermillion border (San 
Miguel Moragas et al., 2014). The alar cinch suture was primarily used to stabilize 
the alar width after surgery. Therefore, its presence was not expected to influence 
the soft tissue profile of the upper lip region significantly, regardless whether the V-Y 
closure was used (Peled et al., 2004).
Concerning the patient related factors, such as age and gender, it could be con-
cluded that the prediction of soft tissue response in older patients was less accurate, 
and that no gender difference could be identified. Because the age of a patient is 
an influential factor of the soft tissue elasticity, fat distribution and oro-facial muscle 
tone (Coleman et al., 2009), the incorporation of the aging related effects in the 
Maxilim software may provide more accurate simulation among elderly patients, 
an increasing subgroup among the orthognathic patients. It is worth to note that 
the current study is based solely on native Dutch (Caucasian) patients. As patients 
of different origins exhibit different anthropometric facial features (Shaweesh et al., 
2006), a slightly different prediction model may be required to achieve a similar 
accuracy for those groups of patients.
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Although not fully quantified, the design of this study limited the influence of several 
other factors affecting the accuracy of the prediction. By scanning patients sitting 
upright in the natural head position with relaxed lips and facial muscles, the influ-
ences of the patients’ position during the CBCT scans were kept to a minimum (We-
ber et al., 2013). As all postoperative scans were made one year after the surgery, 
the effects of postoperative soft tissue edema on the facial profile were limited (Kau 
et al., 2006). Also the effect of postoperative skeletal relapse on soft tissue changes 
was eliminated by the surface based matching of the virtually osteotomized maxilla 
and mandibular segments onto the postsurgical position of the jaws. By adopt-
ing this meticulous transformation of the actual skeletal movements in the virtual 
simulation, it could be ensured that the virtual postoperative skeletal position was 
concordant with the actual bony displacements. It needs to be noted that the influ-
ences of weight changes between the moment of pre- and postoperative scans, 
the thickness of the lips, and the effect of the orthodontics teeth movements were 
not quantified in this study.
The accuracy of the simulation (average absolute error ≤ 2 mm) for the face as a 
whole and for the subregions upper lip, lower lip and chin were 100%, 93%, 90% 
and 95% respectively. Errors below 2 mm were previously reported to be clini-
cally acceptable by orthodontists, surgeons and patients as these errors would not 
seriously affect treatment planning and patient communication (Proffit et al., 1987; 
Proffit et al., 1991; Kazandjian et al., 1999; Joss and Vassalli, 2009). Taking this 
into account, the accuracy of the MTM based soft tissue simulation of bimaxillary 
surgery is considered to be accurate enough for clinical use as an aid in treatment 
planning, communication with the patient and shared decision making. Computer 
aided surgical simulation also offers great potential for improving the efficiency of 
surgical planning of bimaxillary surgery, in terms of a reduced total doctor time and 
an increased compliance to attend the appointments (Schwartz, 2014). When us-
ing prediction software in the process of shared decision-making, patients should, 
however, be informed of relatively big variations of the predicted soft tissue profile 
in the lip regions.
There is certainly room to further enhance the accuracy of the soft tissue simulation. 
The adaption of computing algorithm to suit specific patient groups (i.e. based on 
the patient age and origin) and surgery type would be an option. The incorpora-
tion of certain clinically validated soft-tissue to hard-tissue ratios as described by 
the recent review of Moragas et al. (San Miguel Moragas et al., 2014) may also 
contribute to a more accurate computing model, especially in terms of the incisal 
and vermillion show. In order to optimize these ratios, multicenter databases with 
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pre- and postoperative soft tissue and hard tissue data need to be established. 
More clinical validation studies with a significant sample size are recommended to 
provide evidence regarding the accuracy of soft tissue simulation used in various 
commercially software packages.
CONCLUSION
The MTM based soft tissue simulation is an accurate model for the prediction of 
soft tissue changes following bimaxillary surgery. The accuracy of the prediction is 
influenced by the magnitude of the maxillary and mandibular advancement, the age 
of patient and the usage of V-Y closure. Patients should be informed of possible 
variations in the predicted lip position.
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Chapter 8
General discussion and future perspectives
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The main aim of this thesis is to evaluate the effects of BSSO advancement sur-
gery on postoperative volume changes of condyles and the subsequent effects 
on skeletal relapse using 3D CBCT imaging. The results of clinical studies that 
were carried out to image the condyles in 3D, to assess the postoperative con-
dylar volumes changes and skeletal relapse following BSSO and to evaluate the 
predictability of 3D soft tissue simulations of the postoperative facial profile will be 
discussed extensively in the first section of this chapter, “address to the aims”. The 
specific sub-aims as stated in the introduction of this thesis will be addressed using 
the obtained clinical and image data. The potential influences of the newly gained 
insights, technological advancements and conceptual changes in healthcare on the 
treatment planning, treatment outcome and treatment evaluation of orthognathic 
patients will be appraised in the second part of this chapter, “future perspectives”.
8.1 Address to the aims
8.1.1. Is CBCT an accurate imaging technique to objectify osseous 
changes of the condyles?
With the installation of the first CBCT scanner in the Netherlands at the Department 
of Oral and Maxillofacial Surgery in Nijmegen, a new 3D imaging modality became 
available as an alternative to conventional 2D imaging modalities to depict the hard 
and soft tissue structures of the maxillofacial region. CBCT allows the acquisition of 
a real-size image dataset based on a single low-radiation-dose scan of a patient sit-
ting in an upright position. The implementation of CBCT in daily clinical practice has 
also provided a novel technique to image the condyles, beside the conventionally 
used lateral cephalograms, orthopantomograms and multi-slice CT. In comparison 
to the lateral cephalograms and orthopantomograms, the intrinsic characteristics of 
CBCT allow the complex morphology of condyles to be depicted in 3D, eliminat-
ing the magnification, overprojection and deformation errors of the silhouette of 
condyles that are inherent to the conventional 2D imaging modalities(Honey et al., 
2007). When the radiation dose of a CBCT scan is compared with the dose of a 
conventional CT scan for maxillofacial imaging, substantial dose reductions of up to 
98.5% have been reported (Schulze et al., 2004; Ludlow and Ivanovic, 2008). These 
encouraging findings seemed to suggest that CBCT could potentially become the 
preferred imaging modality for the osseous pathology of condyles (chapter 2).
Despite the obvious advantages of CBCT in comparison to 2D radiographs in the 
analysis of condylar morphology, the segmentation and 3D rendering of condyles 
using CBCT was still problematic due to the low contrast resolution, partial volume 
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effect and distortion of Hounsfield Units in CBCT scans(Katsumata et al., 2007; 
Schlueter et al., 2008). Substantial surface defects were often present on the 3D 
rendered condyles, impeding the evaluation of the condylar morphology. Already in 
an early stage it became clear that the segmentation and 3D rendering of the con-
dyles needs to be enhanced to allow the 3D analysis of condylar morphology using 
CBCT datasets (chapter 2). Furthermore, in order to quantify the volume changes 
of condyles longitudinally, a meticulous definition of condylar volume was required.
In order to address both issues, a clinical study involving ten patients was set up 
in conjunction with the technical engineers of the 3D lab in Nijmegen to validate a 
newly developed imaging protocol for the post-scan enhancement of CBCT data 
and the quantitative volumetric analysis of condyles (chapter 3). Through a six-step 
post-scan CBCT image enhancement protocol, the entire 3D surface of the condyles 
could be rendered in an accurate and reproducible way, with a mean intra-observer 
and inter-observer variability of 0.22 mm and 0.13 mm respectively. As the errors 
were far less than the voxel size (0.4 mm) and the clinically accepted error margin 
of 0.5 mm, it could be concluded that the reproducibility of the proposed image 
enhancement protocol was high and not operator-dependant.
In chapter 3, a new definition of the condylar volume was also introduced: the vol-
ume of the part of condylar processes that is located cranially to a plane (C-plane), a 
plane that passes through the most caudal point of the sigmoid notch (C-point) and 
runs parallel to the Frankfurter plane. This definition had several clear advantages 
in comparison to the previously used definitions that were based on landmarks 
located on the condylar processes. Firstly, the C-point based cut-off plane used 
in this definition could be imaged and identified accurately on every CBCT scan. 
Secondly, a change in the defined volume could theoretically only be attributed to 
anatomical changes of the condyle, as the C-point is a positionally stable landmark, 
not affected by growth, condylar remodelling or surgery. Thirdly, because the vol-
ume of interest is closely located to the condylar head, the ratio of the condylar 
head volume and condylar neck volume is advantageous to reflect changes in the 
condylar head volume, where CR and PCR occur. As the reproducibility of condylar 
volume according to the newly proposed definition was very high (ICC=0.98, mean 
difference of 2.51 mm³, 0.1 volume-%), it was legitimate to use this definition for the 
subsequent clinical studies aimed at the evaluation of postoperative CR and PCR 
following orthognathic surgery.
Despite the high reproducibility of the new 3D imaging protocol of condyles, this 
method required approximately one hour of computing time per patient and neces-
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sitated the use of different software packages. In this way, it was less attractive 
to implement this protocol for routine clinical use. A more automated approach 
was required by the clinicians. In Chapter 4, the method of local thresholding and 
3D region growing were applied to eliminate the manual selection of a suitable 
greyscale to segment the condylar outline on every CBCT slice while safeguarding 
the accuracy and reproducibility of the method. To enhance the user-friendliness, 
a new graphical interface was built to guide the user through the process of post-
scan segmentation and 3D rendering of the condyles. In this way, the image en-
hancement protocol could be carried out without the need for installation of specific 
software packages and with an average of fifteen minutes for each patient, making 
it much more attractive for clinical use. By the implementation of the validated 
post-scan imaging protocol of the condyles, a detailed 3D osseous surface of the 
condyles could be rendered using CBCT data, upon which osseous changes could 
be quantified in terms of distance maps (3D surface) and changes in the condylar 
volume (3D). The condylar volume has been introduced as a new 3D parameter to 
objectify the osseous changes of condyles (CR and PCR) longitudinally. Overall, 
it could be concluded that CBCT is an accurate imaging technique to objectify 
osseous changes of the condyles.
8.1.2. How does the volume of condyles change following BSSO 
advancement surgery?
Morphological changes of the condyles were observed frequently following BSSO 
advancement surgery. Up till now, the postoperative morphological changes of con-
dyles have been described in terms of the absence or presence of certain anatomi-
cal features (surface flattening, osteophytes, erosions, subchondral cysts) (Mercuri, 
2007; Gunson et al., 2009), categorical classifications according to the form of 
the condylar outline (Krajenbrink, 1994; Hoppenreijs et al., 1998) and changes in 
the linear and angular measurements of the condylar height and condylar neck 
inclinations(Hwang et al., 2000; Hwang et al., 2004; Wohlwender et al., 2011). 
Although these parameters do provide evidence for CR or PCR, they are unsuitable 
for quantifying the exact amount of osseous changes. In spite of the recent review 
on condylar resorption which claimed that several previous studies had used the 
condylar volume as a parameter to describe the postoperative condylar changes, 
none of the cited studies had actually calculated the actual condylar volume 
changes(Sansare et al., 2015).
As the condylar volume was suggested to be a new reliable 3D parameter to quan-
tify the postoperative changes, the clinical observational study in chapter 5 was set 
up as a first step to objectify the postoperative changes of condylar volume. To the 
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knowledge of the authors, this was the first published longitudinal study that has de-
scribed the postoperative changes of the condylar volume. The results of the study 
showed that a net loss of 25 mm³ (1.4 volume-%) in condylar volume was present 
one year after the BSSO among the 56 patients who were enrolled in the study. 
Despite that 55% of the condyles displayed a reduction in condylar volume, 45% of 
the condyles remained unchanged or had even gained volume in the postoperative 
follow-up. On one hand, these results have confirmed the concern with regard to 
the frequent occurrence of CR and PCR following BSSO. On the other hand, the 
study demonstrated also that the intrinsic adaptive capacity of condyles is in many 
cases able to withstand changes in the loading and positioning of condyles after 
BSSO. Postoperative CR should, therefore, be defined as a physiological change 
in condylar volume after orthognathic surgery and not merely as a physiological 
reduction in condylar volume.
Another interesting finding in Chapter 5 was that the mean preoperative condylar 
volume of male patients was significantly larger (16 volume-%) than the condylar 
volume of female patients . Moreover, low-angle patients had significantly larger 
condyles than high-angle patients (16 volume-%). The gender and mandibular 
plane angle related differences in condylar volume were also reported in two earlier 
studies (Saccucci et al., 2012; Saccucci et al., 2012). It can be hypothesized that 
genetic differences between gender and subjects of different facial morphologies 
may explain the differences seen in condylar volume. In addition, the influences 
of functional loading of the condyles on condylar size should also be taken into 
account. In literature, the type of mastication was described to affect the condylar 
volume. The condylar volume of subjects that were submitted to hard diets was 
significantly greater than subjects that had soft diet, suggesting that changes in 
mastication markedly affect mandibular condylar cartilage growth and mandibular 
morphology (Enomoto et al., 2010). The fact that male and short-face patients have 
a stronger maximum occlusal force on average than their female and short-face 
counterparts (Serrao et al., 2003; Abu Alhaija et al., 2010) may partly explain the dif-
ferences between the groups with regard to condylar volume. It needs to be noted 
that large variations in condylar volumes between the individuals were present. The 
mean gender and mandibular angle related differences in condylar volume were 
lower than the standard deviation among the whole sample. Therefore, a significant 
population size is recommended in the study of condylar volume, which may be a 
limitation of the present study.
Many theories have been claimed concerning the relationship between preoperative 
condylar volume and postoperative condylar volume loss. The question to what 
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extent the preoperative condylar volume should be related to postoperative condy-
lar volume changes is nevertheless still not precisely answered. It was not merely 
a coincidence that females and long-face patients displayed more postoperative 
condylar volume loss. Multivariate regression analysis showed that CR could best 
be explained by the preoperative condylar volume, establishing the preoperative 
condylar volume as a new 3D radiographic parameter for the prediction of postop-
erative morphological changes of the condyles. Thus, this parameter was used as a 
variable for the evaluation of skeletal relapse in chapter 5 and 6.
In summary, it could be concluded that adaptive changes in condylar volume take 
place in nearly all cases following BSSO advancement surgery, with a tendency 
towards a net postoperative volume loss in majority of the cases. The clinical impli-
cations of these postoperative condylar volume alterations will be addressed in the 
following paragraph.
8.1.3. Do postoperative volume changes of condyles influence skeletal 
stability?
After the evaluation of postoperative changes in condylar volume following BSSO, 
the clinical relevance of these changes on skeletal stability was investigated in 
chapter 5. By using 3D cephalometric analysis, both surgical displacement and 
postoperative skeletal relapse were documented for the 56 patient who underwent 
BSSO advancement surgery. Despite the relatively small relapse in comparison to 
previous studies (Eggensperger et al., 2006; den Besten et al., 2013), a strong 
correlation was found between relapse and postoperative condylar volume loss. 
This correlation between skeletal relapse and postoperative condylar volume loss 
could best be described by a threshold model. When the magnitude of postopera-
tive reduction in condylar volume was below the threshold of 6 volume-percent, 
no significant relapse was found at the pogonion landmark. When the amount of 
postoperative condylar volume loss exceeded this threshold, horizontal relapse of 
the mandible took place. When the amount of postoperative condylar volume loss 
surpassed 17 volume-percent, both horizontal and vertical relapse were seen in 
all cases, in combination with an anterior open bite, a decrease in posterior facial 
height and an in increase in the mandibular plane angle.
It is interesting to discuss the clinical implications of a non-linear threshold model, 
describing the relationship between postoperative condylar volume loss and skel-
etal relapse. The fact that 76 of the 112 condyles did not exhibit a postoperative 
condylar volume loss of more than 6 volume-% seemed to suggest that the major 
part of condyles had sufficient intrinsic adaptive capacity to withstand the postop-
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erative positional changes and altered loading of the condyles. As the postoperative 
condylar changes within this group did not lead to any unwanted pathological state 
(relapse), they could best be classified as physiologically functional remodelling, the 
so called condylar remodelling or CR. On the other hand, since all condyles that 
resorbed more than 17 volume-% following BSSO were associated with multiple 
skeletal instabilities, this resorption should be defined as pathological progressive 
condylar resorption or PCR. The fact that the incidence of postoperative condylar 
volume loss of more than 17 volume-% coincided with the reported incidence of 
PCR in literature (Hoppenreijs et al., 1998; Borstlap et al., 2004) has provided ad-
ditional epidemiological evidence supporting such a large condylar volume loss to 
be defined as PCR. Chapter 5 has provided the clinical evidence that postoperative 
condylar volume loss is associated with postoperative skeletal relapse and the 
subsequent deterioration of aesthetic outcomes. Therefore, pre- and postoperative 
condylar volume measurements should be incorporated as a part of radiological 
examination in the treatment planning and postoperative follow-up of orthognathic 
patients. Sixteen years after the thesis of Hoppenreijs (Hoppenreijs, 1999), who at 
that time had foreseen that CT-scanning and volume measurements of condyles 
would be necessary to learn more about morphologic condylar changes, the value 
of condylar volume for the postoperative analysis of morphologic changes of the 
condyles has finally been clarified in the current clinical study.
Although cases of PCR were expected to reveal during the first postoperative year, 
PCR may continue to deteriorate and new cases of PCR may also present them-
selves after this first year (Arnett et al., 1996; 1996; Hoppenreijs et al., 2013). Due to 
the progressive nature of PCR, the condylar volume and associated skeletal relapse 
observed within this study may not be the final outcome, but rather a transient stage 
of an ongoing process. Thus, the results from the present study were probably 
an underestimation rather than an overestimation of the cumulated incidence and 
effects of PCR. Another limitation of the study is the relatively small number of cases 
of PCR (n=4). From this point of view, and due to a large variation in the preoperative 
condylar volumes, it may be considered arbitrary to use the postoperative condylar 
volume loss of 17 volume-% as a normative standard to distinguish CR from PCR. 
This 17 volume-% rule is considered to have a more indicative value in the diagnosis 
of PCR. Ideally, a larger patient group should have been included and followed for 
a longer period of time. A larger, prospective study is now ongoing to provide more 
power to support the current findings and to draft a normative standard for the 
diagnosis of CR and PCR.
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Based on the results of this study, it could be concluded that the postoperative 
condylar volume loss following BSSO advancement surgery is correlated with skel-
etal relapse. The clinical consequences of a relatively small postoperative condylar 
volume loss (CR) is limited whereas a large postoperative condylar volume loss is 
associated with significant skeletal relapse resembling the symptoms of PCR. A 
normative standard for the diagnosis of CR and PCR based on condylar volume 
has yet to be developed.
8.1.4. Is it possible to predict the postoperative condylar volume 
changes and skeletal relapse prior to BSSO advancement surgery?
After establishing the correlation between the postoperative condylar volume loss 
and skeletal relapse, it is interesting from a clinical point of view to identify the risk 
factors that can be used to predict both parameters. Previous studies reported 
that a steep mandibular plane, a large mandibular advancement and a low facial 
height ratio (posterior:anterior) seemed to be unfavourable prognostic factors for 
the onset of CR and PCR (Kerstens et al., 1990; Hoppenreijs et al., 1998; Borstlap 
et al., 2004). However, multivariate regression analysis showed that these param-
eters only had a limited effect on the postoperative condylar alteration (explained 
variance of 12%) (Borstlap et al., 2004). By the introduction of condylar volume 
as a new diagnostic parameter, the results of chapter 5 identified the preoperative 
condylar volume, gender and downward displacement of pogonion during surgery 
as the most important prognostic factors for postoperative condylar volume loss. 
After the incorporation of new 3D condylar volume parameters in the prognostic 
model for CR and PCR, the predictability of the current model (explained variance 
of 21%) was nearly twice as large as the prognostic model proposed by Borstlap 
et al. (Borstlap et al., 2004). In spite of the encouraging results, the majority of 
CR and PCR could still not be explained by the aforementioned anatomical and 
cephalometric parameters.
In order to improve the prognostic models, the influences of proximal and distal 
segmental rotations on the postoperative condylar volume loss and skeletal relapse 
were studied in chapter 6. On the 3D rendered virtual head models of the preopera-
tive and postoperative CBCT datasets, changes of the flaring, torque and sagittal 
rotations of proximal and distal mandibular segments were measured. The results 
showed that the odds of displaying a clinically significant skeletal relapse of 2 mm 
(19.6% of the study population) were 4.8 times higher in patients whose proximal 
segments were rotated in a counterclockwise direction. Surgically induced rotations 
of the proximal segments had a much larger effect on postoperative condylar vol-
ume loss and skeletal relapse than rotational movements of the distal segment. This 
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seemed to suggest that a counterclockwise rotation of the mandible, as proposed 
by Arnett (Arnett and Gunson, 2004), to improve the aesthetic outcome following 
orthognathic surgery is not contraindicated as long as the seating and positioning of 
the proximal segments were maintained in the direct postoperative situation.
Based on the findings of chapter 6, the gender, magnitude of surgical advance-
ment, postoperative decrease of condylar volume, preoperative condylar volume 
and counterclockwise rotation of the proximal segments were found to be important 
prognostic factors for a clinical significant relapse of the mandible following BSSO 
advancement surgery. This prognostic model for skeletal relapse had an unprec-
edented high predictability (explained variance of 83%). The correlation between 
postoperative condylar volume loss and skeletal relapse was again underlined in 
this model. The relevance of the newly proposed 3D diagnostic factor, condylar 
volume, has been highlighted by these clinical findings.
To conclude, it could be stated that the incorporation of preoperative condylar 
volume and postoperative condylar volume loss as new predictive factors enables 
a better prediction of skeletal relapse following BSSO advancement. The prediction 
of postoperative condylar volume loss is, however, more difficult and is subjected to 
large variations in the preoperative condylar volume. From the clinical point of view, 
it is important for surgeons to be able to anticipate the skeletal relapse following 
orthognathic surgery. Therefore, the effects of skeletal relapse on the final facial 
profile should be incorporated in the existing 3D operation planning and prediction 
software. In order to do this, the accuracy of the existing surgical soft tissue predic-
tion model needs to be assessed, which will further be discussed in the coming 
paragraphs.
8.1.5. Can computerized 3D soft tissue simulation provide an accurate 
prediction of the postoperative facial profile following bimaxillary 
surgery?
The introduction of CBCT had provided surgeons with a new imaging modality to 
depict the facial soft tissue and hard tissue in 3D. Upon the rendered virtual 3D head 
models, linear, angular, surface and volume measurements could be performed to 
evaluate the preoperative facial morphology and postoperative outcome of patients 
undergoing orthognathic surgery. 3D virtual head models have also provided the 
surgeons a powerful tool to perform virtual surgery and simulate the postoperative 
outcome, in terms of changes in hard tissue and the accompanied changes of the 
overlying soft tissue facial profile, especially in more complex surgical interventions 
such as bimaxillary surgery (Plooij et al., 2011; Schendel et al., 2013). Despite the 
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routine use of Maxilim® software for the 3D soft-tissue based planning of bimaxil-
lary surgery at the Department of OMF Surgery in Nijmegen, no clinical data with 
regard to the accuracy of computerized 3D simulation of postoperative soft tissue 
changes have been published.
A clinical study involving sixty patients who had undergone bimaxillary surgery 
was set up to evaluate the accuracy of the 3D simulation of soft tissue changes 
(chapter 7). In this study, both the accuracy of simulation for the face as a whole 
as well as the accuracy of specific facial regions that were altered during surgery 
were investigated and included in the error analysis. The accuracy of the simulation 
(average absolute error ≤2 mm) for the whole face and for the upper lip, lower lip 
and chin subregions were 100%, 93%, 90% and 95%, respectively. As a prediction 
error of less than 2 mm is generally considered to be clinically acceptable (Proffit et 
al., 1991; Donatsky et al., 1997; Joss and Vassalli, 2009), the accuracy of the Mass 
Tensor Model (MTM) based Maxilim® software is considered to be accurate enough 
for clinical use as an aid in treatment planning, communication with the patient and 
shared decision making.
In spite of the encouraging results, clinicians should be aware of the relatively large 
errors for the prediction of the lower lip region. This is a common problem of the 
currently available 3D computerized soft tissue simulation programs (Bianchi et al., 
2010; Marchetti et al., 2011). The postsurgical movement of the lower lip is believed 
to be influenced by multiple interacting factors, such as the positional changes of the 
upper and lower incisors during pre- and postoperative orthodontic treatment, the 
presence of labial orthodontic appliances on the incisors, difficulties in reproducing 
the relaxed lip position during different CBCT scans, preoperative lip thickness and 
volume, age-dependant changes of the red roll and differences in anthropometric 
facial features (Shaweesh et al., 2006; Coleman et al., 2009; Almeida et al., 2011; 
San Miguel Moragas et al., 2014). Due to the relatively small study population, the 
present study was unable to include the abovementioned factors into analysis and 
account the exact role of all these factors in the prediction of the postoperative 
lower lip position. The ability of the currently used MTM model for the prediction 
of the lower lip position should also be questioned. From a theoretical point of 
view, it would be very difficult, probably even impossible, to incorporate all these 
clinical parameters into the MTM algorithm to simulate the postoperative position 
and morphology of the lower lip. The acquisition of a large database containing the 
pre- and postoperative 3D image data of the face, with focus on the position and 
morphology of the lips in relation to dentition and facial skeleton, is recommended. 
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By the incorporation of patient specific anatomical parameters in the MTM algo-
rithm, the accuracy of the prediction of the lower lip may be improved.
In the coming years, more clinical validation studies on the predictability of various 
computerized soft tissue simulation strategies will probably be published. In order 
to interpret the study results critically, one should consider the applied methodology 
carefully. By the inclusion of the entire soft tissue facial profile in the error analysis, 
including regions that are not altered by surgery, the simulation accuracy would be 
overestimated. Therefore, it is believed that simulation errors should be assessed in 
well-defined facial subregions in future studies.
To sum up, it could be concluded that the MTM based 3D prediction software is 
able to give the surgeons a realistic and clinically useful prediction of the postopera-
tive facial soft tissue profile following bimaxillary surgery. The prediction of the lip 
regions remains unreliable in many cases. This could potentially be improved by the 
incorporation of more clinical and radiographic parameters in the prediction model.
8.2 Future perspectives
The clinical application of CBCT based 3D imaging in the preoperative virtual op-
eration planning and postoperative evaluation has introduced a new dimension in 
the field of orthognathic surgery, as confirmed by the findings of this thesis. The 
newly developed CBCT image enhancement tool, the additionally gained insights 
concerning postoperative condylar morphological changes and skeletal relapse 
and the clinically validated 3D computerized soft tissue simulation of orthognathic 
surgery have the potential to bring the treatment outcome closer to perfection. 
The promising outcomes described in the present thesis are just the beginning 
of an ongoing revolution that is taking place in the treatment planning, treatment 
outcome and treatment evaluation in the field of orthognathic surgery, aided by 
further technological advancements, conceptual changes of the health care system 
and shifts in the perception of health by patients. So how can the newly gained 
knowledge and technology be applied in the future of orthognathic surgery?
3D treatment planning
The aim of orthognathic surgery is to correct the dental relationship, to improve func-
tion and to harmonize facial aesthetics. In the past century, major advancements in 
orthognathic surgery had been taking place in the same order. In concordance to 
how the introduction of preoperative orthodontics has improved the correction of the 
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occlusion and how the application of rigid fixation has improved the direct postop-
erative functional loading in the past, the implementation of 3D operation simulation 
and planning is now enhancing the postoperative facial harmony. Previous studies 
have shown that if treatment is directed only toward a normalized occlusion, the soft 
tissue changes may not provide the desired aesthetic result (Holdaway, 1983; Alves 
et al., 2008). Therefore, it is essential for clinicians to understand and to foresee soft 
tissue changes resulting from alterations of the hard tissue. 3D CBCT imaging and 
computerized planning and simulation software are acting as the left and the right 
hand of the surgeon in this process.
At present, a 3D soft tissue driven virtual planning protocol based on the Arnett 
analysis is being used in our department to determine the required skeletal displace-
ments in order to achieve occlusal stability and facial harmony (Arnett and Gunson, 
2004). In cases with a mild skeletal dysgnathia, the MTM based Maxilim® software 
is able to give a clinically useful prediction of the postoperative soft tissue facial 
profile. In cases of facial asymmetry and moderate to severe dysgnathia, the patient 
groups that may potentially benefit the most from 3D virtual surgery planning, the 
applied biomechanical model has more difficulties in the prediction of anticipated 
soft tissue changes. An important reason for this is that nearly all previous studies 
had concentrated on the study of sagittal and vertical hard tissue to soft tissue ratio 
changes at the midline. Little is known with regard to the paramedian changes, and 
even less about the transverse changes. Furthermore, despite the significant knowl-
edge gain concerning the magnitude and underlying mechanisms of postoperative 
skeletal relapse on the final outcome, none of the currently available 3D virtual 
planning and simulation software has taken relapse into account when performing 
the simulation. In addition, the lack of a perfect medium to transfer the planned 
bony movements into the operation room induces systematic inaccuracies in the 
actual bony displacements and the accompanied soft tissue movements. Without 
accounting for the paramedian soft tissue changes, the effects of relapse on the 
final soft tissue profile and correction for the systematic surgery inaccuracies, it 
would be extremely difficult for 3D simulation software to predict the final soft tissue 
profile accurately. Thus, a new simulation model based on the actual changes of the 
facial skeleton and the accompanied changes of the soft tissue profile is required to 
fine-tune the pre-existing prediction models.
In light of this, a large database containing 3D hard tissue and soft tissue data 
throughout the orthognathic treatment and follow-up is needed to obtain normative 
data on hard tissue and soft tissue morphology, interactions, relapse and surgical 
inaccuracies. The stratification of these image data to certain characteristics of 
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patients, such as age, gender, weight, hormonal status and racial features, as well 
as the operation style of different surgeons is recommended to individualize the 
prediction model. A practical way to achieve this is through an open-access, oper-
ating system independent, cloud-based platform to allow every clinic with internet 
access to upload the pre- and postoperative standardized de-identified hard tissue 
(DICOM) and soft tissue (STL) data in combination with the possibility to supply pa-
tient and operator related supplementary data as mentioned above. The availability 
of such a crowdsourcing platform may stimulate and connect orthognathic centres 
throughout the world both to give input and to extract the required data from the 
platform in order to refine the contemporary prediction models.
Beside the accuracy of soft tissue prediction models, another major challenge in 
3D surgical planning is the adequate definition of facial harmony. The creation of a 
satisfying harmonious facial profile is in fact one of the cornerstones of orthognathic 
surgery. The implementation of the soft tissue based planning according to Arnett 
have been perceived by both patients and surgeons in Nijmegen as a step forward 
in achieving satisfactory postoperative facial aesthetics. However, there are two 
conceptual shortcomings in the current 3D planning.
• Firstly, there is a conflict between the soft tissue based 3D planning and the hard 
tissue based reference frame in Maxilim® software. The 3D virtual head models 
of patients are placed in Maxilim® using hard-tissue landmarks as described by 
Swennen et al (Swennen et al., 2006). However, the applied soft tissue analysis 
and the definition of the ideal soft tissue facial profile are based on the natural 
head position and the true vertical line. As the SN-line and Frankfurt plane differ 
from the natural head position in many cases (Lundstrom et al., 1995; Barbera et 
al., 2009), there is often a discrepancy between how the 3D virtual head model is 
placed in the reference frame and the ideal position from which the 3D soft tissue 
planning should be carried out. A solution for this conceptual clash is the utiliza-
tion of the natural head position as the basis of 3D cephalometry and planning. 
Instead of using hard tissue landmarks to position the 3D virtual head model in 
the reference frame, the 3D head model should ideally be aligned by the natural 
head position of the soft tissue facial profile. Although attempts have been made 
to translate the natural head position in real life as accurately as possible to a 
virtual planning environment (Bobek et al., 2014), further automatisation of the 
process is required. A possible solution could be the importing of a 3D photo 
of a patient that is taken (with the correct orientation) in natural head position in 
Maxilim and the registration of a 3D rendered CBCT based virtual head model 
onto that 3D photo. In this way, no identification of cephalometric landmarks or 
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manual intervention in the alignment process would be required. The accuracy 
of such a method will be assessed clinically in the near future.
• Secondly, the currently used ideal soft tissue facial profile, towards which the 
osseous movements should be direct, is based on a list of figures, the so-called 
normative soft tissue cephalometric data as proposed by Arnett (Arnett and 
Gunson, 2004). This guideline is a well-thought method to generate a widely-
accepted average facial profile among Caucasian patients. However, the per-
ception of facial harmony varies largely between the individuals and between 
different demographic areas (Chen et al., 2011; Lee et al., 2015). It should be 
questioned whether patients should be operated to obtain average faces or 
facial profiles that the surgeons perceive as attractive. In an era in which patients 
are becoming more and more the full partner of surgeons in decision making 
that affects them, the role for these empowered patients should be emphasized. 
In orthognathic surgery in particular, as the harmonious facial profile is such an 
individualized definition. In many cases, neither the surgeon nor the computer 
should draft the operation plan, but rather the empowered patient themselves, 
through more user-friendly and web-based 3D planning software interfaces. 
The orthognathic surgeon can obtain a more advisory role in surgical planning, 
helping the patient to make their decisions and be aware of the possibilities and 
impossibilities of the proposed surgical plan.
Individualized operation plan and shared decision making are believed to become 
the core concept of orthognathic surgery planning, not a list of cephalometric mea-
surements or average faces.
3D guidance of surgery
Having an improved prediction model of the postoperative outcome and an individu-
alized operation plan is no guarantee for a favourable outcome as long as the 3D 
planned bony movements cannot be transferred accurately from the 3D planning 
software to the patient by the surgeon in the operation room. In the past decade, 
especially during the last three years, more and more clinical studies have been 
published on how to transfer the planning movements into the operation theatre. 
The use of CAD-CAM surgical splints and 3D printed skeletal supported surgical 
guides has been widely reported (Mischkowski et al., 2007; Zinser et al., 2012). 
However, these splints/guides are subjected to design, fabrication and position-
ing errors, making it still difficult for surgeons to position the maxilla and mandible 
exactly according to the virtual planning. The use of pre-bended, custom-made os-
teosynthesis plates for the positioning and fixation of the bimaxillary segments can 
potentially make the use of surgical splints obsolete (Levine et al., 2012; Mazzoni et 
al., 2015). But similar to the surgical splints, the pre-bended osteosynthesis plates 
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are unable to seat the condyles and position the proximal segments as planned. 
The introduction of peri-operative navigation systems in orthognathic surgery allows 
real-time visualisation of the displacements of all bony segments in relation to the 
preoperative CBCT scan and 3D planning with a combined systematic and registra-
tion error of one to two millimeters (Mazzoni et al., 2010; Zinser et al., 2013; Sun 
et al., 2014). Further improvements in the ease of calibration and in the registration 
accuracy of currently used navigation systems would be preferable for the coming 
years.
Despite the high potential of an intra-operative navigation system, a surgeon has to 
switch his concentration alternately from the surgical site on one hand to a monitor 
on the other hand since the navigation information can only be demonstrated on 
the monitor and is not projected in the surgical field (Marmulla et al., 2005). This 
constant switch between the operation field and a monitor is far from ideal. A new 
approach, augmented reality (AR), can make the alternately switch between the op-
eration field and monitor and the use of navigation instruments with bulky infra-red 
or electromagnetic tracking markers unnecessary. Through AR, a surgeon can see 
a real-time view of the operation field and the 3D virtual planning projected on top 
of the operation field (Badiali et al., 2014). In this way, the maxillary and mandibular 
segments could be aligned in a 3D real-time environment. It would be preferable 
if the functionality of real-time soft tissue simulations of the intraoperative surgical 
movements could be incorporated into AR to create flexibility during the operation 
while safeguarding predictability of the final soft tissue facial profile.
In 2014, the Google Glass was firstly tested during an orthognathic operation at our 
department. In the past months, an AR based intraoperative navigation tool was 
tested in implantology for the positioning of bone augmentations and in the open 
reconstruction of craniosynostosis. As reported by a previous study, feedback from 
our surgeons was acceptable and the tool was considered to be comfortable and 
usable in practice (Badiali et al., 2014). Despite the relatively large inaccuracies 
between the projected image and the real-time anatomy and temporary technical 
instabilities of the prototype, AR has the potential to gain terrain within orthognathic 
surgery, to enable waferless surgery. Further in vivo testing to evaluate the surgi-
cal accuracy under real clinical conditions for different types of craniomaxillofacial 
surgeries is ongoing in the 3D imaging laboratory in Nijmegen.
3D evaluation of treatment outcome
Systematic 3D evaluation of all postoperative outcomes is a prerequisite in order 
to allow further refinement of the applied new tools and techniques in orthogna-
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thic surgery. To be able to perform such periodical postoperative evaluations, the 
segmentation and rendering of accurate 3D virtual head models from raw image 
data is essential. The development of the semi-automated postscan CBCT image 
enhancement tool (chapter 3 and 4) has significantly improved the duration and 
user-friendliness of the segmentation of complex 3D anatomical structures. The 
ultimate goal, however, is to introduce a fully automated segmentation protocol that 
is accurate and not operator-dependant. The application and clinical validation of 
active shape and active appearance algorithms is required in the coming years to 
achieve this clinically desirable technological development.
Up to now, research has been focusing on the interaction between bony tissue 
movement and the accompanied soft tissue movements. An important entity that 
may affect the soft tissue facial profile besides the bony tissue and dentition, the 
changes of muscular tissues, have not been fully understood. Dicker et al. have 
done pioneering work in the evaluation of adaptive positional, volume and loading 
changes of jaw-closing muscles and their effects on skeletal relapse and postop-
erative condylar changes after bimaxillary advancement surgeries using magnetic 
resonance imaging (MR) (Dicker et al., 2012; Dicker et al., 2012; Dicker et al., 2015). 
In order to predict the postoperative muscular changes and their effects on skeletal 
relapse, more prospective studies with a larger study population are desirable. One 
of the reasons why such studies have not been performed so far is the large amount 
of work that is accompanied with the segmentation of different muscles groups in 
MR scans. The newly developed postscan image enhancement tool as mentioned 
in the last paragraph can be adapted to MR scans in an attempt to reduce the 
magnitude of the manual workload. There is room for technological developments 
in this area in the coming years.
The longitudinal quantitative assessment of surgical results and skeletal relapse is 
largely based on the registration of different 3D virtual head models from one and 
the same patient throughout the treatment and cephalometric analysis of the soft 
tissue and hard tissues. By the implementation of surface-based registration and 
voxel-based registration protocols, the errors associated with the identification and 
use of cephalometric landmarks in the registration process have been overcome. 
But the majority of postoperative analysis of soft tissue and hard tissues is still 
landmarks based and consists of long rows of linear and angular measurements. In 
the coming years, efforts should be put in the development of a validated algorithm 
that can automatically identify the anatomical landmarks to reduce the degree of 
human identification errors. More efforts should be put on the development of clini-
cal relevant surface and volume parameters to describe the 3D changes of the facial 
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profile that lies beyond the midline. The establishment of a normative database 
and the concept of computing an average face are of great value for this purpose. 
The application of an average face in the postoperative evaluation of the surgical 
outcome will enable the bench-marking of postoperative results, making compari-
son between patients, operators and clinics possible. As far as the condyles are 
concerned, a volume based classification of postoperative condylar volume loss 
that is related to the amount of skeletal relapse should be drafted and validated in 
the clinic to establish the condylar volume as a new clinically relevant predictor of 
skeletal relapse and to distinguish CR from PCR.
The present thesis has focussed on the postoperative condylar volume changes 
following BSSO advancement surgery as the first step to investigate the interac-
tion between orthognathic surgery, condylar changes and skeletal relapse. As the 
number of bimaxillary surgeries performed in Nijmegen has risen sharply since the 
introduction of 3D orthognathic surgery planning in 2009, at the cost of mono-jaw 
surgeries (BSSO and Le Fort I osteotomy), it is of great interest to investigate the 
postoperative condylar volume changes and skeletal relapse following bimaxillary 
surgery and other forms of orthognathic surgery, both for the advancement and 
set-back of the jaws. New clinical studies have just been started to assess the in-
teraction between surgery, condylar changes and skeletal relapse in more complex 
forms of orthognathic surgery, using the methodology and insights obtained from 
the present thesis.
From the issues raised in the last paragraphs, it is clear that although new tools 
and insights have been gained concerning the 3D planning and evaluation of post-
operative outcome through the findings of this thesis, this is only the beginning of 
an époque in which orthognathic treatment planning, outcome and evaluation are 
evolving rapidly, an era in which the mutual dependence between technologies and 
human touch is getting tighter every day.
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Summary
Morphological changes of the condyles are observed frequently following BSSO 
advancement surgery. In contrast to the physiological condylar remodelling (CR), 
progressive condylar resorption (PCR) is considered to be a pathological process. 
PCR is associated with TMJ dysfunction symptoms, occlusal relapse, reduction 
of the condylar volume and loss of mandibular ramus height, compromising the 
functional and aesthetic outcome of surgery. Chapter 1 of this thesis provided 
a general introduction to the CR and PCR following orthognathic surgery and 
discussed the challenges in the clinical and radiological diagnosis of the postopera-
tive condylar alterations. From the clinical point of view, the assessment of TMJ 
dysfunction symptoms, and the draft of a risk profile of the TMJ based on clinical 
and radiological examination, should be a part of the preoperative evaluation. The 
orthopantomogram (OPG) is useful to make such a risk profile based on the contour 
of the condyles and the stage of osteoarthrotic degeneration. The OPG, however, 
is not applicable to make quantitative measurements and to objectify the precise 
osseous changes of the condylar morphology and volume. The application of cone-
beam CT (CBCT) for the radiological evaluation of the condyles has the potential 
to provide an excellent visualization of the condyle in 3D, enabling the quantitative 
evaluation of changes in condylar volume in the course of orthognathic treatment. 
By using 3D CBCT image data, this thesis aimed to evaluate the effects of BSSO 
advancement surgery on the postoperative volume changes of condyles on the one 
hand, and to assess the influences of the subsequent condylar volume changes on 
skeletal relapse on the other hand.
To quantify changes in condylar volume, the condyles should first be rendered ac-
curately in 3D using CBCT data. To overcome the inherent shortcomings that are 
associated with CBCT imaging, a largely manually based method was developed in 
chapter 3 to render the condyles in 3D. The reproducibility of this semi-automated 
imaging protocol was validated by 2 independent observers in 10 patients and was 
demonstrated to have a high intra-observer and inter-observer reliability. In addition, 
a new definition of the condylar volume was introduced in this chapter. The condylar 
volume is defined as the volume of the condylar process that is located cranially to 
the C-plane, a plane that passess through the sigmoid notch and runs parallel to 
the Frankfurter plane. This definition of the condylar volume had clear advantages 
compared to the previously used definitions that were based on landmarks located 
on the condylar process and was used in the subsequent chapters of this thesis.
Page | 143
A
Appendices | Summary
In spite of the high reproducibility of the new 3D imaging protocol of condyles, this 
approach required long computing time and the use of different software packages. 
In chapter 4, the method of local thresholding and 3D region growing were applied 
to automate the segmentation of the condyles. To enhance the user-friendliness, a 
new graphical interface was built to guide the user through the process of segmen-
tation and 3D rendering of the condyles. This more automated imaging protocol for 
the 3D rendering of condyles was validated on 20 condyles by two independent 
observers. The inter-observer reliability was comparable to the previous method 
(Dice-coefficient of 0.98) whereas the computing time was reduced to approxi-
mately ten minutes for each condyle. This 3D condylar imaging protocol could be 
implemented in the clinic for daily use. Together with the definition of the condylar 
volume introduced in chapter 3, the newly developed 3D condylar imaging protocol 
formed the basis of the condylar volume analysis in the clinical studies described 
in this thesis.
In Chapter 5, the postoperative condylar volume changes were evaluated in 56 
patients who underwent BSSO advancement surgery. CBCTs were acquired at prior 
to surgery, one week and one year after the surgery. After voxel-based registration, 
the surgical displacement of the distal segment, the skeletal relapse and condylar 
volume changes were assessed. The mean mandibular advancement was 4.6 mm 
and the mean skeletal relapse was 0.71 mm. In 55% of condyles a postoperative 
decrease in condylar volume was found. The mean reduction in condylar volume 
was 105 mm³ (6.1 volume-%). The magnitude of CR was significantly correlated 
with skeletal relapse. Patients with more than 17% reduction of the original condy-
lar volume exhibited skeletal relapse as seen in PCR. Female patients with a high 
mandibular plane angle who exhibited postoperative CR were particularly at risk for 
skeletal relapse.
Chapter 6 described the influences of surgical induced rotation, flaring and torque 
of the proximal segments on the postoperative condylar volume changes and skel-
etal relapse. Among the 56 patients enrolled in the study, 11 patients demonstrated 
a clinically significant relapse of more than 2 mm. Of these 11 patients, 10 patients 
had a counterclockwise rotation of the proximal segments. The odds of skeletal 
relapse (> 2 mm) was 4.8 times higher in patients whose proximal segments were 
rotated in a counterclockwise direction. Postoperative flaring and torque of the 
proximal segments were not associated with CR or skeletal relapse. Female gender, 
low preoperative condylar volume, large postoperative CR, counterclockwise rota-
tion of the proximal segments and large surgical advancement were (prognostic) 
risk factors for skeletal relapse. The clinical study highlighted that the condylar 
Page | 144
volume can be applied as a useful 3D radiographic parameter for the diagnosis and 
follow-up of postoperative skeletal relapse and (P)CR.
Beside the evaluation of postoperative outcome, CBCT imaging is also frequently 
used for preoperative planning and surgical simulations of orthognathic surgeries. 
Virtual osteotomies and surgical movements of mono- and bimaxillary osteotomies 
can be simulated using dedicated software with the accompanied 3D simulation 
of the final facial soft tissue profile. Chapter 7 investigated the accuracy of the 3D 
soft tissue simulation following bimaxillary osteotomy. CBCT scans of 60 patients 
who underwent bimaxillary osteotomies were acquired preoperatively and one-year 
postoperatively. After voxel-based registration of the pre- and postoperative scans, 
virtual Le Fort I and BSSO osteotomies were made on the preoperative 3D virtual 
head model according to the actual osteotomies. The maxilla and mandible were 
aligned to the postoperative position, after which the accompanied soft tissue pro-
file changes were simulated using a mass tensor model (MTM). 3D cephalometric 
analyses and distance maps were computed to quantify the simulation error of the 
soft tissue profile compared to the actual postoperative facial profile. The results 
demonstrated that the MTM-based soft tissue simulation for bimaxillary surgery 
was accurate for clinical use. However, patients should be informed of possible 
variations in the predicted lip positions.
This thesis highlighted the clinical value of 3D CBCT imaging in the preoperative 
planning and postoperative follow-up of patients in orthognathic surgery. The newly 
developed CBCT image enhancement tool, the gained insights concerning post-
operative condylar volume changes and skeletal relapse, and the clinical validation 
of the 3D computerized soft tissue simulation of orthognathic surgery have the 
potential to bring the treatment outcome closer to perfection. Further harmonization 
of the individualized 3D surgical planning and the implementation of 3D guided 
surgery will give a new impulse to orthognathic surgery in the near future.
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Samenvatting
Morfologische veranderingen van de condyli van de onderkaak worden vaak gezien 
na een bilaterale sagittale splijtingsosteotomie (BSSO). In tegenstelling tot fysiologi-
sche condylaire remodellering (CR), wordt progressieve condylaire resorptie (PCR) 
als een pathologisch proces beschouwd. PCR is geassocieerd met postoperatieve 
temporomandibulaire dysfunctie, occlusale en skeletale relaps, een reductie van het 
condylaire volume en een verkorting van de ramus mandibulae. Hierdoor kunnen het 
functionele en het esthetische resultaat van de BSSO ongunstig worden beïnvloed.
Hoofdstuk 1 begint met een algemene inleiding over de condylaire veranderingen 
na orthognathische chirurgie. De klinische en radiologische kenmerken van CR en 
PCR worden beschreven. De klinisch en röntgenologische evaluatie van de condyli 
en het opstellen van een risicoprofiel voor postoperatieve condylaire veranderingen 
dienen bij elke orthognatische patiënt onderdeel te zijn van het preoperatieve onder-
zoek. Tot nu toe wordt een dergelijk risicoprofiel opgesteld op basis van de contour 
van de condyli zoals afgebeeld op een orthopantomogram (OPT). Een OPT is echter 
ongeschikt voor de kwantitatieve evaluatie van morfologische en volumeveranderin-
gen van de condyli. Een cone-beam CT (CBCT) maakt het mogelijk om de condyli in 
3D weer te geven en kwantitatieve veranderingen van condyli gedurende het gehele 
orthognatische behandeltraject te meten (hoofdstuk 2). Door middel van CBCT 
beelden, beoogt dit proefschrift enerzijds de postoperatieve volumeveranderingen 
van condyli na een BSSO in kaart te brengen en anderzijds de invloeden van deze 
condylaire volumeveranderingen op skeletale relaps te onderzoeken.
Voor het meten van het condylaire volume dient er eerst uit de CBCT data een 
nauwkeurige 3D reconstructie van de condylus te worden gemaakt. Vanwege de 
inherente eigenschappen van CBCT beeldvorming, zoals de relatief lage contrastre-
solutie en de niet-weefsel specifieke en positieafhankelijke grijswaarden van de 
voxels, is het lastig om de condylus in 3D te reconstrueren. Hoofdstuk 3 presenteert 
een nieuw beeldbewerkingsprotocol voor de 3D segmentatie en reconstructie van 
de condyli. Met behulp van dit protocol werd het mogelijk om een exacte weergave 
van de condyli in 3D te maken waarop volumemetingen uitgevoerd kunnen worden. 
De nauwkeurigheid van dit protocol werd door twee onafhankelijke onderzoekers 
bij 10 patiënten klinisch gevalideerd. De resultaten lieten een zeer hoge intra- en 
inter-waarnemersbetrouwbaarheid zien. Daarnaast werd een nieuwe definitie van 
het condylaire volume in dit hoofdstuk geïntroduceerd. Het condylaire volume is het 
deel van processus condylaris dat zich craniaal van het C-vlak bevindt. Het C-vlak 
is een vlak dat parallel aan het Frankfurter vlak en door de ‘sigmoid notch’ loopt. 
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Deze definitie van het condylaire volume heeft duidelijke voordelen ten opzichte van 
de eerder gebruikte definities die gebaseerd zijn op cephalometrische punten op de 
condyli zelf. De nieuwe, gevalideerde definitie wordt in de overige hoofdstukken van 
dit proefschrift gebruikt.
Het nieuwe beeldbewerkingsprotocol om een condylus in 3D te reconstrueren kent 
een goede reproduceerbaarheid maar heeft verschillende softwareprogramma’s 
nodig, vereist veel manuele handelingen en kost veel tijd. In hoofdstuk 4 wordt 
het ‘3D region growing algorithm’ toegepast om de segmentatie van de condyli te 
automatiseren. Daarnaast wordt een nieuwe grafische interface ontwikkeld om de 
beeldbewerking en 3D reconstructie van de condyli gebruiksvriendelijker te maken. 
Dit meer geautomatiseerde beeldbewerkingsprotocol werd door twee onafhanke-
lijke onderzoekers op 20 condyli gevalideerd. De inter-waarnemers betrouwbaar-
heid was vergelijkbaar met het eerdere protocol (Dice coëfficiënt van 0.98). De 
verwerkingstijd werd drastisch gereduceerd tot circa 10 minuten per condylus. Dit 
meer geautomatiseerde en platform onafhankelijke beeldbewerkingsprotocol voor 
de 3D segmentatie en reconstructie van de condyli is geschikt om in de dage-
lijkse praktijk te worden geïmplementeerd. Samen met de nieuwe definitie van het 
condylaire volume, zoals beschreven in hoofdstuk 3, vormde het gevalideerde 3D 
beeldbewerkingsprotocol van de condyli de basis voor condylaire volume analyse 
in de hierop volgende klinische studie.
In hoofdstuk 5 worden de postoperatieve condylaire volumeveranderingen geëva-
lueerd bij 56 patiënten met mandibulaire hypoplasie die een BSSO hebben onder-
gaan. Bij deze patiënten werden op drie momenten gedurende het behandeltraject 
CBCTs vervaardigd: preoperatief, één week postoperatief en één jaar postoperatief. 
Op deze manier konden de chirurgische verplaatsing van de mandibula, skeletale 
relaps en condylaire volumeveranderingen in kaart worden gebracht. De gemid-
delde voorwaartse verplaatsing van de mandibula was 4.6 mm en de gemiddelde 
skeletale relaps na een jaar bedroeg 0.71 mm. 55% van de condyli vertoonden een 
postoperatieve afname in volume, met een gemiddelde afname van 105 mm³ (6.1 
volumeprocent). De absolute afname in condylair volume bleek significant gecor-
releerd te zijn met de mate van skeletale relaps. Bij patiënten met een afname van 
condylair volume van meer dan 17 volumeprocent werd skeletale relaps gezien die 
past bij een PCR. Vrouwelijke patiënten met een steile mandibula onderrand waarbij 
een postoperatieve afname van het condylair volume zichtbaar was hadden een 
verhoogd risico op skeletale relaps.
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Hoofdstuk 6 beschrijft de invloeden van de door de BSSO geïnduceerde rotatie, 
flaring en torque van de proximale segmenten op de postoperatieve condylaire 
volumeveranderingen en skeletale relaps. Van de 56 patiënten die een BSSO on-
dergingen, vertoonden er 11 een klinisch significante skeletale relaps van meer dan 
2 mm. Bij 10 van deze 11 patiënten werden de proximale segmenten tijdens de 
positionering naar anterieur (tegen de klok in) geroteerd. De kans op een skeletale 
relaps van meer dan 2 mm was 4,8 keer groter bij patiënten waarbij de proximale 
segmenten naar anterieur geroteerd waren. Prognostische en risicofactoren voor 
skeletale relapse waren:
• het vrouwelijk geslacht;
• laag preoperatief condylair volume;
• postoperatieve afname van het condylaire volume;
• anterieure rotatie van de proximale segment;
• grote voorwaartse verplaatsing van het distaal segment.
Flaring en torque van de proximale segmenten zijn niet geassocieerd met CR of 
relaps. De klinische studie beschreven in hoofdstuk 6 heeft aangetoond dat het 
condylaire volume als een nieuwe 3D röntgenologische parameter kan dienen voor 
de diagnose, prognose en follow-up van postoperatieve (P)CR en skeletale relaps.
Naast de evaluatie van postoperatieve resultaten begint de CBCT een steeds 
belangrijkere plaats in te nemen voor de preoperatieve planning en 3D simulatie van 
orthognatische chirurgie. Virtuele osteotomielijnen en chirurgische verplaatsingen 
van de maxilla en/of mandibula kunnen in specifiek daarvoor ontwikkelde software 
worden uitgevoerd, waarbij de bijhorende veranderingen van de overliggende weke 
delen in 3D gesimuleerd kunnen worden.
In hoofdstuk 7 werd de nauwkeurigheid van de 3D weke delen simulatie van bi-
maxillaire osteotomieën onderzocht. Bij 60 patiënten die een bimaxillaire osteotomie 
hebben ondergaan, werden preoperatief en één jaar postoperatief CBCT scans 
vervaardigd. Na voxel-based registratie van de preoperatieve en postoperatieve 
CBCT scans werden virtuele Le Fort I en BSSO zaagsneden op de preoperatieve 3D 
modellen aangebracht conform de daadwerkelijk uitgevoerde osteotomieën. Door 
de maxilla en mandibula vervolgens naar de postoperatieve positie te verplaatsen, 
werden de weke delen veranderingen van het profiel gesimuleerd met het zoge-
naamde “Mass Tensor Model” (MTM). 3D cephalometrische analyses en ‘distance 
maps’ werden gebruikt om het verschil tussen het gesimuleerde gezichtsprofiel en 
het daadwerkelijke postoperatieve gezichtsprofiel te kwantificeren. De resultaten 
lieten zien dat het op MTM gebaseerde simulatiemodel voor bimaxillaire osteotomie 
nauwkeurig was voor gebruik binnen de kliniek. Wel dient de arts, in het kader van 
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‘shared decision making’ bij het vaststellen van het definitief orthognatisch behan-
delplan, de patiënt te wijzen op de mogelijke variaties van de voorspelde lippositie 
tijdens het presenteren van de 3D simulatie.
In dit proefschrift worden de verschillende toepassingsmogelijkheden van 3D CBCT 
beeldvorming in het orthognatische behandeltraject, van de preoperatieve plan-
ning tot en met de postoperatieve controles, onderstreept,. Het gepresenteerde en 
gevalideerde 3D CBCT beeldbewerkingsprotocol, de nieuwe inzichten in postope-
ratieve condylaire volumeverandering en skeletale relaps én de klinisch gevalideerde 
3D weke delen simulatie van orthognatische chirurgie hebben de potentie om de 
voorspelbaarheid van orthognatische chirurgie en patiëntentevredenheid verder te 
verhogen. Perfectionering van de geïndividualiseerde 3D orthognatische planning 
en de implementatie van 3D guided surgery zullen in de nabije toekomst een nieuwe 
impuls geven aan de wereld van de orthognatische chirurgie.
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